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I. INTRODUCTION

Finite integration techniques are commonly employed to numerically

solve mathematical models of physical problems, when the essential fea­

tures of the model preclude exact analytic solutions. Nayfeh (1) points

out that these features include nonlinearities, variable coefficients,

complex boundary shapes and nonlinear boundary conditions at known or,

in some cases, unknown boundaries. In the case of magnetohydrodYnamics

or gasdynamics, all of the above undesirable features exist and must be

treated.

The primary objective of this dissertation is to solve the viscous

gasdynamic and electromagnetic equations of motion in their most funda­

mental form. The numerical approach selected is finite differencing.

Naturally, a numerical solution to these complex and highly nonlinear

coupled partial differential equations will place the greatest burden

on the computer; however, when considering the futility of employing

other non-discretized approaches to meeting the same objective the

demands placed on the computer become less significant.

1.1 Motivation

The need for investigating the behavior of a conducting fluid,

both experimentally and theoretically, has been well established over

the past few decades. However, a review of the literature relevant

9
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to magnetohydrodynamic technology (Section 1.2) reveals that the progress

by computational magnetohydrodynamicists has been somewhat limited.

The major obstacles to the development of a numerical approach for

solving the equations which govern MHD flow were:

(1) small and slow computers unable to accommodate the demands

of most numerical integration techniques; and

(2) a lack of accurate and converging finite difference schemes

describing the equations governing MHD phenomena.

The primary objective of this dissertation is to develop a numer­

ical procedure for investigating the complex and highly nonlinear hy­

drodynamic, viscous and electromagnetic behavior of a conducting fluid.

Emphasis was placed on the transient coupling between the gasdynamic

and electromagnetic fields. A two-dimensional finite difference tech­

nique was developed to model the transient behavior of this fluid.

Traditional methods for solving inviscid or viscous problems such

as the method of characteristics (hyperbolic system) or similarity

solution and asymptotic expansions suffer from a lack of generality

and are restricted by limiting assumptions, neglected terms and inexact

linearization of the original governing equations. Further, shocks

or subsonic/supersonic regions have to be treated separately and create

problems associated with matching solutions derived by different methods

as well as cumbersome bookkeeping in satisfying the Rankine-Hugoniot

relations across the shock. If the viscous and inviscid calculations

are performed separately, a priori information is required as the exact

location of the boundary separating the two regions and may lead to

inconsistencies if improperly matched.

10



AE DC-T R-77-105

A discretization approach to the equations of motion in the form of

finite difference expressions has significant advantages over the pre-

viously mentioned techniques. Namely, this method is consistent

throughout all flight regimes, subsonic through hypersonic, and treats

the viscous and inviscid regions in identical fashion. The time-

dependent problem is considered where some initial set of conditions are

imposed and the steady-state solution is generated as the limiting case.

Shocks or discontinuities* develop naturally from imposed boundary con-

ditions and the Rankine-Hugoniot equations. are automatically satisfied

as would be expected since they are expressions of the conservation

equations approximated by finite difference terms. Nonlinear terms

present no additional complexity if treated explicitly (Section 1.3)

even when property values are a function of state values. The interac-

tion of gas dynamic and electromagnetic fields is numerically treated

simultaneously and eliminates the need for solving each independently

and then iterating both fields to a compatible and converging solution.

Dealing directly with the equations of motion through the finite

difference equations, the hydrodynamicist becomes a spectator** to the

influence of the physical laws of nature on the dynamic behavior of

fluids as opposed to other techniques where the physical processes are

obscured by mathematical abstractions, substitutions and approximations.

*"Numerical diffusion" is inherent in all discretization methods and
tends to spread or smear discontinuities over at least two cells.
Although the shock thickness is unrealistic, the jump conditions
before and after the shock are quite accurate.

**Employing adequate computer graphics (vector, contour, shading plots;
computer movies), the user "observes" the occurrence of the phenome­
non without having to resort to cumbersome data reduction and analysis.

11
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The primary disadvantage of hydrocodes* is that the numerical procedure

is costly in computer time and in some cases computer storage.

Analytic investigations reduces a physical phenomenon to a set of

mathematical equations with appropriate boundary and/or initial con-

ditions. The MHD generator problem is composed of many interacting

phenomena, each of which if treated independently would constitute

significant mathematical problems in the areas of thermodYnamics, heat

transfer, boundary layer theory, electromagnetism, aerodynamics, fluid

mechanics and energy conversion. The MHD generator problem was chosen

because it not only represents one of the more severe challenges to a

finite difference technique, but the results of such a program would

also benefit the progress made in MHD power technology.

1.2 Previous Calculations

Although the past two decades have seen progress in the development

of magnetohydrodynamic technology mostly through experimentation,

analytic models developed since 1957 have contributed in varying degrees

to present understanding of the interaction between gasdynamic and

electromagnetic forces. Initially, attention was focused on ~lliD

accelerators with interest directed toward aerospace or military app1i-

cation. More recently, interest has centered on the use of ~lliD power

generators to increase the efficiency of extracting energy from natural

resources.

The performance of an MHD generator in converting thermal/kinetic

energy into electrical energy is significantly influenced by thermo-

*A finite difference computer program solving the inviscid equations
of motion.

12
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dynamic/hydrodynamic effects of: compressibility, viscosity, shocks,

heat transfer, non-scalar conductivity and Hall current in addition

to electrode and material performance and such design aspects as size,

configuration and geometry. Accurate modeling of a generator must take

into account the above phenomenon.

The fundamental difficulty in developing a computational model for

predicting magnetohydrodYilamic phenomena is the coupling of equations

governing both the gas dynamic flow and the electromagnetic (EM) fields.

Since the flow fields affect the EM fields and vice-versa, the non-

linear partial differential equations must be solved simultaneously and

stability and convergence of the solutions become greatly complicated

(Figure 1).

Approaches to solving MHD problems have consisted of the following:

(A) One-dimensional "influence coefficientsi"

(B) One-dimensional closed form analytic solutions to ordinary

differential equations.

(C) Similarity transformation and closed form solutions to a

modified differential equation in one or two dimensions.

(D) One-, two-, and three-dimensional numerical solution to the

uncoupled steady MHD equations.

(E) One-, two-, and three-dimensional numerical solution to the

coupled steady MHD equations using either the magnetic

induction equation or the elliptic equation governing the

electric fields and currents.

(F) One-, two-, and three-dimensional transient numerical solu-

tion to the coupled MHD equations using either the magnetic

induction equation or the elliptic equation.

13
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Methods (A), (B) and (C) are exact but are restricted to a narrow

range of problems. Approaches (D) and (E) provide rapid convergence

to a steady state solution but do not consider the transient behavior

between the gas dynamic and electromagnetic fields, or sometimes the

strong coupling between the two sets of fields. The last method, (F),

is desirable since it treats a wide range of problems, it suffers,

however, from large computational times.

A literature survey was performed on the subject of "theoretical

modeling of MHD calculations" and is presented in six subsections:

(1) hydrocodes; (2) MHD hydrocodes; (3) MHD boundary layers; (4) elec­

tric potential and current stream functions; (5) MHD shocks; and

(6) simplified MHD analysis.

Hydrocodes

There are at present hundreds of existing hydrodynamic computer

programs connnonly referred to as "hydrocodes" as discussed in Section

1.3. They are categorized as either Eulerian or Lagrangian, explicit

or implicit, viscous or inviscid, etc. The origin of these programs

can be traced to less than a half dozen sources and although each

hydrocode has been tailored by its own evolutionary process, the funda­

mental nature of all codes can be categorized into a small class of

finite difference techniques. This is not to imply that the stability

or convergence or rate of convergence of these programs are equivalent;

some programs remain stable and give accurate solutions for a limited

15
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number of problems over a restricted integration region, whereas

other methods can treat a wider variety of problems under more severe

numerical conditions.

Pioneers in the field of hydrocodes can be traced to those organ­

izations equipped with the most advanced computer systems. Some

leading theoreticians (2-4) began work in the late 1940's which re­

sulted in.the development of hydrocodes beginning in the early 1950's

(5-17). Numerous authors (18-20) have made comparisons of these finite

difference techniques.

MHD Hydrocodes

A number of MHD hydrocodes exist with the predominant number

employing implicit schemes and solving the magnetic induction equation

instead of the elliptic equation describing the stream function or

potential. Roberts and Potter(2l) and Killeen (22) discuss finite

difference equations and MHD hydrocode applications. In 1963, Roberts,

et al., (23) developed "THETATRON," employing the magnetic induction

equation, designed to treat plasma problems such as "theta pinch con­

tainment." Freeman and Lane (24) developed in 1969 an explicit,

Eulerian, Lax-Wendroff MHD technique. Two-dimensional laminar com­

pressible MHD flow problems were treated by Fritzer, et al., (25) in

1972. Eddy currents were calculated using a modified FLIC (Fluid In

Cell), PLIC (Plasma In Cell) and employing the donor-receiver tech­

nique (see Appendix A.l). It was found that since the ratio of the

speed of light to sound was many orders of magnitude, the induction

equation had to be solved at this same ratio for each gas dynamic time

iteration. It was determined that gradients of velocity, conductivity

16
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and magnetic field can tailor the shape of stream currents in a de-

sired fashion.

Other techniques were developed (26-29) for plasmas which solve

the magnetic induction equation. Fajen (26) in 1973 used the Harlow

and Amsden "ICE" code and modified it to a Lax-Wendroff scheme.

Brackbill and Pracht (27) in 1973 extended the "ICE-ALE" technique

into an "almost-Lagrangian' (11) implicit scheme. Gubarev (30) in 1973

employeq the assumption of small magnetic Reynolds number and investi­

gated the stagnation of supersonic flow of a conducting gas in an MHD

channel with Hall currents. One electrode was considered. In 1974

Ostretsov (31) divided the system into two subsystems, one containing

the equations describing the EM fields and the other describing

the gas dynamics, and constructed an iteration scheme between the two.

Lindemuth (29) in 1974 employed an alternating direction implicit

scheme to treat plasmas of high magnetic Reynolds numbers. Bakhrakh

and Gubkov (32) used a 2-D axisymmetric finite difference method with

finite conductivity and an azimuthal magnetic field. The solution was

developed in three phases: (1) computing the hydrodynamics, while

freezing the magnetic flux, (2) while freezing the fluid dynamic state,

computing the induced magnetic field, and (3) computing Joule heating.

It was determined that the order in which these three phases were

carried out did not affect the final results.

MHD·Boundaxy Layers

In the late 1950's, Rossow and Bush (33-35) studied the interaction

of a conducting, viscous fluid with an applied magnetic field. It was

found that the drag, skin friction and heat transfer were affected by

17
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the strength of the magnetic field which in turn could be exploited to

control the motion of a fluid. Sherman (36) in 1961 studied the in­

fluence of a nonuniform magnetic field on a Blasius boundary layer.

Others including Sears, Hunter, Wu, Taylor, Denzel, High and Felderman

(37-40) studied the effects of nonuniform properties of an equilibrium

plasma in a segmented MHD generator assuming laminar or turbulent

velocity profiles. Dix and Dukowicz (41,42) considered a solution to

the equations of motion for flow over a flat plate boundary layer under

the influence of a transverse magnetic field for low magnetic Reynolds

number. Monis, Eustis, Krueger and Self (43) in 1973 matched a l-D

gas dynamic solution with a l-D boundary layer solution under the

influence of a magnetic field. Doss, Dwyer and Hoffman (44) investigated

compressible laminar and turbulent boundary layers in an MHD channel.

Also in 1973, Derkach and Zhigula (45) developed a closed form analytic

solution to flow over a long cylinder under a radial magnetic field.

The work of Demetriades, Argyropoulos and Maxwell (46) consider two-

and three-dimensional solutions to viscous flow in MHD generators and

accelerators.

Electric Potential and Current Stream Functions

The 2-D Laplace equation of the electric potential or the current

stream function, discussed in Section (2), was solved initially by

conformal mapping (47-51). End effects, variable geometry and con­

centration of current resulting from Hall current around electrodes

were investigated. Dzung (52) in 1962 employed a series solution,

whereas Sherman (53) considered conductivity a function of current and

developed a solution using an expansion technique. More recently,
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Poberenzhskii and Yakkot (54) employed an analytic solution using the

method of images of vortex source combinations. Crown (55) was the

first to attempt a numerical relaxation technique but developed numer­

ical instabilities for Hall parameters greater than 2. Celinski and

Fischer (56) in 1966 eliminated this numerical problem by modifying

the numerical technique and calculated solutions with Hall parameters

up to 10. Louis, Lothrop and Brogan (57) used simple theories for

flow with uniform properties and predicted fluctuations of current

distribution in time and space, particularly near electrodes. Finally,

Oliver (58) considered instabilities due to spatial nonuniformities in

the electrical conductivity from inhomogeneous mixing of ionizable

species, resulting from variable fluid properties or nonuniform

Joulean heating. Relaxation techniques were employed to investigate

these instabilities.

MHD Shocks

There are numerous papers concerning MHD shocks and Alfven waves.

Some analytic expressions for MHD shocks were developed by Greifinger

and Cole (59) and Natter (60). Numerical calculations were performed

by Chu and Taussig (61), Sutton and Sherman (62), and Shank and Morse

(63), the latter two employing the "Particle In Cell" method developed

by Harlow, et ale The use of magnetic fields to displace shocks on

re-entry vehicles was discussed by Resler and Sears (64) and Ziemer

(65) in their papers concerning the prospects of "magnetoaerodynamics."

Simplified MHD Analysis

Other MHD analysis included the work of Sutton (66) in 1959

who discussed the relationships which govern the performance of constant
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velocity, temperature, pressure, density and area generators, whereas

Swift-Hook (67) considered a constant temperature generator. MHD flow

parameters were studied by Wilson, et aI., (68) by employing l-D

influence coefficients which governed the behavior of the fluid under

pressure, temperature, friction area change and Lorentz force terms.

Similarly, Zampaglione (69) considered choking in a constant area

channel and Chubb (70) studied an MHD nozzle.

One-dimensional analysis of MHD flow was investigated by Neuringer

(71) using the method of calculus of variation in seeking conditions

for optimum power generation. Brocher (72) and Blecher (73) studied

in 1961 a constant velocity MHD generator with variable conductivity

and developed closed form expressions yielding generator performance.

Ralph and Harwell (74) in their discussion of power and performance

of MHD generators determined that since power is proportional to

conductivity times velocity squared, an optimum ratio of internal to

kinetic energy will yield an optimum Mach number resulting in optimum

power.

Other studies include the work of Sonnerup (75), Roy and Wu (76)

and Sherman and Sutton (77), who considered incompressible constant

property 2-D flow under the influence of a tensor conductivity and

segmented electrodes.

The performance of MHD generators was also investigated by others

(78-87); those investigators considered the adverse influence of

boundary layers (laminar and turbulent), Hall current, separation, end

effects, external loading and geometry on the power and efficiency of

generators.
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1.3 Fundamentals of Numerical Methods

This dissertation illustrates the stability and, where practical,

the convergence and compatability of a numerical technique to be

subsequently described through application to a number of problems

outlined in Section 1.4.*

A method is called stable if any bounded starting procedure yields

a uniformly bounded solution of the difference equation as the step

size goes to zero. A method is converging if the values of the solution

to the finite difference equations (FDEs) approximating the differential

equation tend to the values of the exact solution to the differential

equation. Finally a method is compatible if the truncation error goes

to zero as the step size goes to zero (88). Thus, if a method is stable,

converging and compatible, the solution to the finite difference

equations is bounded, its error is influenced by the step size and the

differential equation solved by the FDEs is indeed the differential

equation under investigation.

If a finite difference technique is used to approximate a set of

equations, it is characterized by the time and space coordinate

systems employed. A coordinate system fixed to the moving fluid

(constant mass) is known as "Lagrangian," whereas a coordinate system

fixed in space (constant volume) is categorized as "Eulerian." If the

time derivative of variable f is evaluated based on values of f at

other locations, also being simultaneously evaluated, the method is

*A rigorous mathematical stability analysis was not performed.
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referred to as "implicit," whereas if the time derivative of variable

f is evaluated based on values of f at other locations and these

values are already known from a previous time, the method is identified

as "explicit." The basic advantages and disadvantages of the

Lagrangian, Eulerian, implicit and explicit methods are outlined below.

The convenience in treating boundary conditions and grid distortion

play major roles in the selection of the method employed.

Given a partial differential equation such as:

d
-(u) = L(u)dt

( 1)

where L is a differential o~erator with independent space coordinates,

the integration of u may be performed by two methods: explicit or

implicit

where

~tCU)dt :)CCU)dt

n+l n n+l n+l n nu . . -u . . = sL\ t L (u . . ) +(1- s) L\t L (u . . )
1,J 1,J 1,J 1,J

n+l n
L\t = t -t

( 2)

( 3)

( 4)

and s = integration parameter; explicit = (0), implicit = (1). If

s = 0,
n+l

11. . =
1,J

n n nu.. +L\tL (u.. )
1,J 1,J (5)

The explicit calculation provides values for u at time (n+l) based

on values of u at time (n), which are obviously all known. However,

numerical stability for an explicit technique restricts the time step,

and thus the rate of convergence to a steady state solution.
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A discussion of the stability criteria follows, but its physical inter-

pretation suggests that, "The rate of propagation of information by the

finite difference solution across a mesh cannot exceed one space-step

during each time-step and must be able to keep up with all propagation

speeds of the differential system, including waves, fluid motion and

diffusion." (21) The most unfavorable local case (smallest cell, largest

signal velocity) must necessarily be taken.

If E: = 1,

n+l
u .. =
1,J

n n+l n+l
u .. +6tL (u.. )
1,J 1,J ( 6)

and the implicit integration computes u at time (n+l) based on neigh-

boring values of u also at time (n+l) which are not known. If the L

operator is linear, then the solution to the equations has been reduced

to the solution of a set of simultaneous algebraic equations at each

time step. The matrix is tri-diagonal and can expeditiousiy be inverted

algebraically (3).

In the former explicit case, all terms on the rhs are known, and

each updated value of u is individually computed. In the latter impli-

cit case, values on the rhs of the FDE are not known and values for the

neighboring points must be computed simultaneously by either matrix

inversion, if the equations are linear, or some iteration procedure, if

the equations are nonlinear.

Although the time interval of an implicit calculation is not

restricted by the speed at which signals propagate (primarily the local

speed of sound), it is regulated by the particle velocity and cell size.

Since the computation time for an implicit time step calculation is four
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to five times greater than that for the explicit calculation, problems

where the flow field has speeds in excess of Mach 0.2 to 0.25 will be

more efficiently computed explicitly. Also, representing the FOEs in

the form of simultaneous algebraic equations which may be cast in the

traditional tri-diagonal matrix, nonlinear terms must be either ignored

or treated explicitly. Thus implicit programs work most efficiently

for incompressible linear problems and compare unfavorably at high sub­

sonic speeds.

Many existing hydrocodes claim to be able to solve the transient

"initial value problem" (IVP) when in actuality their methods are

efficient only ,for the steady state "boundary value problem" (BVP). In

solving the BVP, a unique solution exists for a prescribed set of bound­

ary conditions, providing that these boundary conditions are not time­

dependent. The steady state solution is developed by relaxing to the

final state from some arbitrary set of initial conditions. Relaxation

does not connote solving the transient equations as may be incorrectly

assumed. Implicit programs converge to the steady state solution more

rapidly than explicit programs because of the more stringent stability

criteria plaguing the explicit method. However, for the IVP, where

transient behavior is considered, implicit programs are not competitive

because either large time steps as employed in the BVP will result in

a grossly inaccurate transient solution or smaller time steps YQelds a

more expensive calculation when compared with the explicit approach.

In a complex problem, where such phenomena as shocks reflecting or inter­

acting with boundary layers occur over a period of microseconds, one

cannot expect much fruition from a calculation which "smears" this
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behavior over a time step of milliseconds. It is therefore emphasized

that "pseudo-transient" implicit techniques which do not violate any

stability criteria do not necessarily converge.

In the explicit scheme, since the new value of the dependent

variable is based on the old value of its neighbors, a large step size,

or one that exceeds a stability bound, can obviously lead to an insta­

bility because the change may be unrestrained. In the implicit scheme,

however, since the new value of the dependent variable is based on the

new value of its neighbors, all values of the dependent variable

(including boundary values) are implicitly "tied" to each other and

serve as a restoring or restraining force on the behavior of the depend­

ent variable in ensuing iterations. Although the implicit scheme is

stable usually under the severest of conditions (large step size, high

nonlinearity, etc.) the accuracy of its solutions will suffer signif­

icantly if controls are not placed on the step size.

A basic problem in solving the equations governing MHD flow is the

simultaneous treatment of numerous physical processes: magnetic, ther­

mal, viscous transport, hydrostatic compression, etc. Starting with

known initial conditions in density, velocity, energy and magnetic induc~

tion (or electric potential or stream current), the transient response

of a fluid under prescribed boundary conditions is computed at selected

time intervals. These intervals, although desired large in order to

minimize computational time, are unfortunately for an explicit scheme

strongly dictated by some basic stability criteria which implicitly

expresses the speed of a signal of some wave or diffusive phenomenon.

Lagrangian integration (fixed mass) is significantly influenced by
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advective terms in the governing equations. "The transport of physical

variables such as density, temperature, magnetic field and velocity from

point to point by the bulk motion of the fluid is represented by v.V
terms. Superimposed on these terms are other kinematic effects such

as adiabatic compression or diffusion, Clearly a, Lagrangian formulation

using a mesh which moves with the fluid can transform away the bulk

motion altogether allowing the remaining terms to be treated more

accurately. " (3) II however, the convective terms dominate, then

the grid frozen to the mass becomes severely distorted and results in

large discretization error. Rezoning the mesh, periodically, can result

in large conservation errors. "A fixed Eulerian mesh is normally used

in practice and thus requires careful treatment of the advective

(convective) term if physical diffusion is not to be masked by numerical

effects." (Ref. 3)

The time step over which each integration (cycle) is performed is

governed by stability criteria.

Stability conditions which control the time step ~t are:

(A) The Courant condition:

~z /:1r
/:1t > c ,

/:1t > c ( 7)

(B) The particle velocity condition:

/:1z /:1r >
( 8)

/:1t > u /:1t v

which prohibits the transmission of a signal or mass across more than

one cell in one time interval.
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(C) Viscosity condition:

2 lJ <.!-
- 2
3 p(~z) 6t

llE 1
-2<­
p(~z) ~t

(D) Alfven condition:

2 lJ < I
- 2
3 p(~r) ~t

lJE 1
2 <:-

p(~r) ~t

( 9)

( 10)

1
6r

B2 I-"-<­
lJ P ~t

P
( 11)

Employed in conjunction with the solution of the magnetic .induction

equation which prohibits the transmission of an Alfven wave across

more than one cell in one time interval.

(E) Thermal conductivity condition:

\ I \ <.!-2 <- 2pc (~z) ~t pc (~r) ~t
p P

At I At <.!-<
pc (~t)2 ~t

2
~tpcp(~r)

p

(F) Magnetic diffusion condition:

I I I <.!.-
2 <- 2

0lJ (~z) ~t 0lJ (~r) ~t
p P

(G) Lorentz condition:

0B
2

I--<-P ~t

27
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Considering all phenomena, the time step becomes:

2 11 lle B2
A+A 1 aB

2
!1t = 6Z/{u+c+ - --- + --- + --- 6z + T

3 p!1z pl::.z Pllp pc 6z +
all l::.z + --- l::.z }

P P
P

2 11 lle B2 A+A
T 1 aB

2

!1t = !1r/{v+c+ - --- + --- + --- 6r + + + --- l::.r }3 p!1r p!1r Pllp Pc lir all lir Pp P

( 16)

( 17)

where !1t is evaluated at each cell and the minimum value employed.

1.4 Scope of Present Work

The objective of this investigation is to demonstrate a numerical

procedure which can predict the transient aerodynamic behavior of a

(conducting) fluid under the influence of viscous and/or electromagnetic

forces. Calculations are performed in two-dimensions (axisymmetric),

although the technique can be easily expanded to treat three-dimensional

flow. Further, although variations in the grid formation or integration

technique may be employed to improve the program's computational effi-

ciency, these efforts were considered beyond the scope of this study.

The programs flexibility to treat physical phenomena is demonstrated

through solution to classical problems which consider:

I. Compressibility:

A. Incompressible (Blasius problem)
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B. Compressible (nozzle flow)

II. Mach Regimes:

A. Subsonic (Ml17 Warhead)

B. Transonic (Ml17 Warhead)

C. Supersonic (sharp-nosed projectile)

O. Hypersonic (re-entry vehicle)

III. Boundary Layers:

A. Laminar (Couette flow)

B. Turbulent (free jet)

IV. ~,1agnetJ.c ReYnolds Number regime:

A. High magnetic ReYnolds number (MHO shock detachment)

B. Low magnetic Reynolds number (MHO generator)

1. Current stream function

2. Electric potential

V. Heat transfer

A. Thermal conduction (transient temperature diffusion)

B. Viscous dissipation (boundary layer problem)

C. Joule heating (MHO generator)

O. AerodYnamic heating (ablated RV)

VI. Shocks

A. Normal shock (shock tube)

B. Oblique shock (sharp-nosed projectile)

C. Mach stem (regular-irregular Mach reflection)

o. Imbedded shock (ablated RV)

VII. Time dependency
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A. Transient (see problems above)

B. Steady state (see problems above)

The program employs three finite difference techniques to integrate

time dependent variables:

(A) gas dYnamic integration is achieved using the Explicit Method

developed by Matuska.

(B) the solution of the elliptic equation (low Re ) for the
m

electric potential or stream current function employs the

method of Successive Over-Relaxation (SOR).

(C) the magnetic induction equation (high Rem) and the Fourier

thermal diffusion term in the energy equation are solved by

either a central difference explicit 'scheme or an Al ternating

Direction Implicit (ADI) procedure.

An alternatlng direction implicit technique had been applied to the

hydrodynamic equations, but its primary advantage of rapid convergence

to steady state solution for some problems was overshadowed by its

limitations (Section (1.3)) in treating transient cases and thus pre­

cluded its use in solving the conservation equations.

The overriding objective in developing this technique is to treat

all interacting phenomena described by their governing equations

simultaneously through a set of flexible, self-contained, autonomous

finite difference equations where the only input consists o~ initial and

boundary conditions and material constitutive relations.

The added difficulties in solving an MHD problem occur because of

the "coupling" effect of the gas dynamic and electromagnetic fields

which are interdependent. The MHD generator problem serves as a criticql
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Challenge for attaining this goal, and represents a clear test in

establishing the program's capability to treat other equally difficult

applications.

The difference method developed by Matuska and employed by the

2-D HULL Code is fully first order accurate. The HULL finite

difference expressions approximate the conservation equations governing

a compressible, non-conducting, inviscid fluid. This method was

extended to include a two-dimensional single viscous fluid model with

six fundamental equations governing the behavior of a conducting fluid:

(1) continuity, (2) axial momentum, (3) radial momentum, (4) energy,

and from Maxwell's equations and Ohm's Law, (5) magnetic induction or

(6) the electric potential or current stream function.

CONSERVATION OF MASS:

d -+
dt(p)+p(Vev) = a

CONSERVATION OF MOMENTUM:

d -+ -+ =-+-+
~(v)+Vp = -pg-V-T+jxB

CONSERVATION OF ENERGY:

( 18)

( 19)

d -+
Pdt (e) +V- (pv)

MA~VELL'S RELATIONS:

-+
VxE

-+ = -+ --pv-g-Ve(T-v)-V-q ( 20)

( 21)

-+
VxB =

31

( 22)



AE DC-TR-77-1 05

EQUATION OF STATE:

p = p(p,i)

CONSTITUTIVE RELATIONS:

(A) STRESS TENSOR:

(1) STOKES' LAW (LAMINAR):
au. au. 2

[ 1 J - ]'r. . = 11 (- + --) - _(\lev) O. .
1,J aX. ax. 3 1,J

J 1

wh.ere Ul :=; U; u 2 ;::; "Ii; Xl ;: z; X2 = r

(2) TURBULENCE (EDDY MIXING LENGTH);

T = -(11+11 )~ (u)E ur

(B) OID"tf SLAW:

-t = +++
J = Oe (E+vxB)

= _ (J [l-S]
(J ---

1+S2 S l'

(C) FOURIER'S HEAT CONDUCTION LAW:

q = -(A+A )\IT
t

BOUNDARY CONDITIONS:

(A) SOLID BOUNDARY:

++
ven = 0

(B) ELECTRODE:

++
Exn = 0

(C) INSULATOR:
++
j en = 0
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(D) electrical relation between the external and internal circuits

of an MHD generator.

In order to minimize core requirements and computational cp (central

processor) time of an already demanding computational method, three­

dimensional problems were considered impractical. The model, however,

can be easily extended to a third dimension when the development of

advanced computers can accommodate the requirements of hydrocodes, in

particular, the excessive cp*time. Turbulence was treated through a

simple eddy viscosity model and no attempt wrs made to use sophisticated

viscous theory, as this was also considered to be beyond the scope of

this effort.

*cp - Central Processor
33
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II. DISCUSSION OF TWO-DIMENSIONAL PLANE AND AXISY~1ETRIC FINITE

DIFFERENCE TECHNIQUE.

In Section 1.4, the equations describing the motion -of a con­

ducting fluid were presented. This section discusses a numerical

procedure which "approximates" these equations by the method of finite

differencing. In order to successfully develop a set of finite differ­

ence equations to a system of partial differential equations, three

conditions must be satisfied: stability, convergence and compatibility.

The objective of this study is to establish through a series of physical

applications that the equations presented in this section do indeed

satisfy these numerical conditions. The non-magnetic partial differen­

tial equations to be solved are:

(1) Continuity

(2) Axial momentum

(3) Radial momentum

(4) Energy

with four unknowns: p, u, v and e.

When including MHD effects, one needs in addition for large magnetic

Reynolds number:

(5) The magnetic induction equation

with the magnetic induction intensity as the additional unknown.

For problems of low magnetic Reynolds number, one needs

(6) The elliptic partial differential equation governing the
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electric potential or stream current function (¢ or ~) .

The additional unknown becomes ¢ or~. Pressure, stress, currents and

electric fields are computed from the variables discussed above with the

additional relations: Equation of State, Ohm's Law and the constitutive

relations correlating stress and strain.

2.1 Coordinate Systems

The initial development of a numerical scheme to solve the non-MHD

gasdynamic equations treated axisYmmetric problems with coordinates r

(radial) and z (axial) with aximuthal terms constant (d/de = 0). As r+oo,

these equations reduced to a 2-D Cartesian system where the traditional

x,y-axis coincide with the z,r coordinates, respectively.

When high Re MHD effects were treated, the magnetic induction was
m

considered in the r,z,e direction without violating the primary assump-

tion of symmetry about the z-axis, since (d/de = 0) terms were neglected

and 3xB and 3e£ contributions occur only in the r-z plane. In the case

of low Re effects, problems were treated only in Cartesian coordinates
m

and thus the electric potential, stream current function, currents,

electric fields and consequently the Lorentz force and electrical energy

terms 3xB and 3 e£ were expressed only in Cartesian coordinates.

In summary, all problems with the exception of the low Re MHD
m

applications are solved in either 2-D axisYmmetric or 2-D Cartesian

coordinates. For low Re MHD problems, only 2-D Cartesian coordinates
m

may be employed. In either case, rand z coordinate labels are employed.
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2.2 Generalized Equations

The conservation equations are solved in two dimensions in either

axisymmetric cylindrical coordinates or Cartesian coordinates as shown

in Figure (2).

Equation (33) represents the conservation of mass:

o loa 0_(p)+ - -(pever )+ -(peu) = 0
ot r a or oz

where a = 0 for rectangular coordinates and ~ = I for cylindrical

coordinates.

( 33}

The conservation of axial and radial momentum*are described by

000-(u) +v-(u) +u-(u)
ot or oz

<S cS 0
·_·..{v) +v-(v) +u-(v) =
ot Or OZ

I cS I I 8 T 0 I
_-:... -(p).-,g - _.- [- _era eT )_~ + -(T ) J+-{ [jxBJ }
p or r p r a or rr r OZ zz p r

( 35)

The conservation of total energy is expressed as

o 0 0-(e)+v-(e)+u-(e) =
at or oz

I loa 0+ -={- -(pev-r ) + -(peu) Jap r or OZ

1 loa loa 0 0 I -+-+
-~- -(T ever)+ - -(T er -u)+ -(veT )+ -fUe.T )J+ -{[j -EJ}

a s rr a s rz s ~z s ZZp r ur r ur uZ uZ p

I loa 0 00]-veg -u-g --[- -(-Aer --(T))+ -(-A--(T))_
r Z assp r or or uZ uZ ( 36)

*Momentum is not conserved because of viscous dissipation and Joule
heating. The expression "conservation of momentum" applies to the
momentum balance including irreversible forces and the expression is
not meant to be interpreted literally. .
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Axial
......+-------------~z

Axisymmetric

r

z

y

;-.---------..... x
Cartesian

z

Fig. 2 Coordinate Systems
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The electromagnetic influence of the Lorentz force in driving the

fluid is represented explicitly as jxB in the momentum equation and r·B
in the energy equation, where J, Band B represent the current, magnetic

induction and electric field vectors respectively. Equations (34)

through (36) contain momentum and energy convection, pressure, gravita-

tiona1, viscous and electromagnetic forces and the reversible and

irreversible work performed by these same forces.

Total energy per unit mass is composed of internal and kinetic

energy (assuming p ;: PRT):

2 2
e = _1_. (E.)+(u +v )

Y-1 P 2

i 1 (p)
= Y""l· P

( 37)

( 38)

Equations (33) through (38) represent a set of coupled nonlinear

partial differential equations which govern the behavior of a conduc""

ting, viscous perfect gas. Incorporating Stoke's Law, (stress

proportional to the rate of strain) for laminar flow, in the form of

constitutive relations (39) through (42), the system of equations

becomes what is commonly referred to as the Navier-Stokes equations.

o 210 a 0
T = -[2·11-(v) --·11{a- -(r "v) + -(u)} Jrr

or 3 r or QZ

[0 210 a 0T = - 2"~(u)--·11{----(r ·v)+ -(u)}]zz
oz 3 r a or oz

[ v 2 loa 0Tee = - 2"11- - -"l1{----(r "v)+ --(u)]a
r 3 r or oz

o 0T = -l1[or (u) + CSZ(v) ]rz

( 39)

( 40)

( 41)

( 42)
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or for turbulent flow:

( 43)

2.3 Problems of High Magnetic Reynolds Number

When considering problems of high magnetic Reynolds number and

significant, induced magnetic induction, the Lorentz force (jxB) may be

replaced with the aid of Maxwell's equations as follows:

-+-+ 1 -+-+
j xB = -(\7. B) •B

II

Incorporating this term implicitly in the form of a magneto-stress

( 44)

Trr

tensor, the magneto-stress elements become:

B
2

= {2:..}
IIp

B
2

T = {~}
zz IIp

B2

Tee {--i}
IIp

B ·B
T = { r z}
rz IIp

( 45)

( 46)

( 47)

( 48)

which are added to the viscous stress elements.

The magnetic induction equation has three components yielding the

induced fields in the azimuthal, radial and axial directions, respec-

tively (with zero Hall current):

8 Q 8
-(B ) --(B ·u) --(Be ·v)e eot oz or

39
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a a a
-(B) --(B -u) + -(B -v)
at r az r az z

all 0 ra-B a 1 a B
= + _[ (_.__( r) J+ -[(- _(2:.) 1

or 0 r
a

or ~p oz 0 oz ~p
( 50)

a 1 a 1 0a a-(B )+ - -(r -u-B )-- -(r -v-B)
~ . z a ~ r a ~ zut r ur r ur

o
+­

oz

lOB
[(- -(2.) J

o oz II
P

( 51)

Since this program is two-dimensional, all derivatives in the azimuthal

direction have been neglected.

In equation (52), the hydrostatic and magnet~c pxessure'

were added to give the true pressure of the medium.

( 52)

If JXB and J-E appear in the momentum and energy equations, then

the stress tensor .and pressure term do not contain the magnetic

components and equations (49) through (51) need not be solved. If the

magneto-stress terms are employed, then JxB and J-E do not appear

explicitly in the momentum and energy equations and currents and

electric fields are not (necessarily) computed.

2.4 Problems of Low Magnetic Reynolds Number

Calculation of the electric fields and currents is developed from

the solution of the elliptic partial differential equation (POE):

~(~(F)) + ~(~(F)) +A~(F) +B~(F) +C = 0
az az ur ur uZ ur

40
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where F represents either the electric potential or the current stream

function (~ or ~), and coefficients A, Band C are functions of u, v,

0, Sand E. Equation (53) was derived from Maxwell's relations.

+ 0 ( .\7xE = -eft B)~O

and neglecting the rate of change of charge density

+\7ej = 0

The derivation of this PDE and its coefficients follows.

A scalar potential is defined such that its gradi~nt yields

components of the electric field:

+
E = - \7~

consistent with equation (57)

-\7x\7~ = 0

Employing Ohm's Law, the current is found to be

( 54)

( 55)

( 56)

( 57)

-7 +++ S--
J = cr(E+vxB)--(jXB) ( 58)

lEI
where the first term represents the sum of the applied and induced

currents resulting from the electric field and the second term is the

Hall current.

Expressing Ohm's Law through a tensor conductivity:

-7 =+
J = creE

the components of current take the form:

J. = _0 [(E +vB)-S(E -uB)lz 2 z . r ­
l+S
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· =~2 SeE +vB)+(E -uB)]J r z r
Ql+fJ .

where

j
r'

j = r and z components of currentz

u, v = rand z components of particle velocity

Er' E = rand z components of electric fieldz

° = scalar conductivity

S = Hall parameter

B = e component of the magnetic induction*

and from Equation (56)

( 61)

E = -~(¢)
z oz

o
E = --(¢)r or (- 62)

Substituting Equations (60), (61), and (62) into Equation (55),

Equation (63) results:

8 8 0 0 1 0 1 0 0 0
CSZ(CSZC¢))+ or(or(¢))+[Ot 8Z(Ot)+SOt or(Ot)+ or-(S)}8z(¢)

+[~- i-(O ) -S~ ~(Ot) -~(S) ]~r(¢)+ [vB+SuBli- ~z (0+)
0t or t 0t uZ uZ t '

_i-CvB+SuB)-[uB-SvBll- i-(O )+ i-(uB-SVB) = 0
oz -at or t or

where

°°t = --2
l+S

( 63)

( 64)

*r and Z magnetic fields are not treated since the MHO generator
modeled in Section (4) does not require it.
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From Equation (55), one may define a current stream function ~ as

o
j z = or (~)

o
j r = -oz(~) ( 65)

( 66)

Employing Equations (54) and (58), Equation (66) is developed:

o 0 0 0 1 0 1 0 0 0
KZ(KZCo/))+ orCorCo/))+[-G+ KZCGt)+B

dt
or(Gt )+ orCB)]KZCo/)+

[1 0 (0) 1 0 0 0 0 0
-at or or -Bat 8Z(at )+ lZ(B)]or(~)+ a[(lZ(Bu)+ or(Bv))] = 0
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2~5 HULL Finite Difference Equations

A method developed by Daniel Matuska for computing hydrodynamic

properties of a fluid was employed. A discussion of the HULL finite

difference technique appears in Appendix (A ); the salient features

are outlined below:

Calculations are performed in two phases: phase I, integrating

the "Lagrangian terms" (coordinate system fixed to the fluid element)

and phase II treating the convective terms by transporting mass.

A grid is initially generated as shown in Figure (3). Parallel,

although not necessarily equally spaced lines are constructed in both

the rand z directions. These grid lines form a mesh with elements or

cells defined by the four grid lines bordering it. Each cell is assigned

an index value in much the same manner that elements of a matrix are

assigned identification. The lower left-hand boundary cell has indices

of i=l, j=l and incrementing values of i as one marches in the vertical

(r) direction or incrementing values of j as one marches in the axial

(z) direction. There are certain hydrodynamic (thermodynamic) variables

assigned to each cell initially, with updated values of these variables

stored in the ensuing calculations. These variables are density, axial

velocity, radial velocity and total energy (magnetic and electric fields

are added later). Other praperties, such as pressure or internal energy,

can be computed directly from these parameters. In phase I calculations,

values of p, u, v and e at the boundary of the cell are needed; there­

fore, indices: i,j-~; i-~,j; i,j+~; and i+~,j refer to such values (see

Figure (4)).
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i + 1, j

•

i, j 1

•

i - 1, j - 1
i - 1, j

•

i + 1/2, j

i, j + 1

•

i - 1, j + 1

i, j - 1/2

r

~/2, -=--.J
1- lIZj-1

Fig. 4 Subscript Notation for Cell Identification
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Matuska solved Equations (18) through (20) and (23), excluding

the viscous, magnetic and heat conduction terms, whereas the development

of a numerical solution to equations (18) through (29)° in their entirety

makes up the subject of this study.

Employing those numerical features characterizing HULL which

distinguish its methodology from other finite-difference techniques,

calculations are:

(I) time and space centered, analogous to a "predictor-corrector"

integration.

(II) performed in two phases; phase I: calculating the change in

momentum and energy in a Lagrangian reference frame (no

convection) (Figure (5)) and phase II: employing the "donor­

receivor" technique where mass, momentum and energy are trans­

ported (convected) between neighboring cells.

Figure (6) illustrates a cell with indices assigned at the cell

center and four cell interfaces. The values of p, u, v and e (or p) are

known at ten). The procedure for determining p, u, v, and e at t(n+l)

is as follows:

Referring to Figure (6), p, u, v and p

(1) are defined at each interface based on cell center values at

ten), Figure (6a).

(2) are updated to t(n+~) by "predicting" values based on the

conservation equations - time centering (Figure (6b)).

(3) at cell centers are computed by again integrating using the

interface values - space centering.
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Fig.'5 Lagrangian Integration
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/

•

....
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1
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Fig. 6 Integration Technique of HULL
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(4) at t(n+l) are employed to flux mass from cell to cell and thus

restore the distorted Lagrangian mesh (Figure (6c)) to its

original position.

The fundamental purpose of time and space centering is to preserve

numerical stability, especially in regions of small hydrodynamic

gradients. Further, by employing the donor-receiver technique in phase

II and "re-zoning" the displaced Lagrangian mesh back to its original

position, the calculation remains Eulerian in nature.

2.6 Curved Boundaries

Conditions for a solid boundary are represented by Equations (30)

to (32). If the body is curved, as is shown in Figure (7), the angle of

curvature is determined over segments of the curve and the unit normal

vector is evaluated over the segment chord. Thus, cells lying on the

solid boundary are "oriented" so that the bodies true streamline is

reflected in the calculation.

2,7 Ftnite Difference'Equations (FDEs)

An introductory explanation of the HULL FDEs appear in Appendix

(A ). This section examines the complete set of equations, including

viscous, thermal, magnetic and electric terms all in finite difference

form.

Phase I (LagTangian Frame of Reference)

Referring to Figure (4) where the indices i,j are defined, calculations

made in a Lagrangian frame of reference consists of traveling with the

moving fluid or mass particles or in the case of this program, traveling

with cells (or grids) of fixed mass. In Equation (69) the cell mass is

computed by taking a circular cut of the cell from (r(i+~),r(i-~)) to
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/\
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......------.... z
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Fig. 7 Oblique or Curvilinear Boundary Conditions
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the origin (see Figure (8)). In Cartesian coordinates, the volume

sweep consumes the cell area x unit depth.

r. 11-:-Z

r. 11+:-Z

( 67)

( 68)

M:.
1,J

n 2 2
= p. . -TI - (r. 1 - r. 1) b.z .

1,J 1+~ 1-~ J ( 69)

Equations (70) and (71) reveal the average densities at the cell inter-

face

(~ .+M: 1 .)1,J l+,J
2 2

TI(r. 3/2-r. l)b.Z.1+ 1-~ J

( 70)

( 71)
(M~ .+H~ j+l)

1, J ,.
2 2

TI(r. l- r . 1) (b.z.+b.z. 1)
1+~ 1-~ J J+

at time (n). In order to maintain stability and convergence in all

calculations, integrations must be spatially and temporally centered.

Thus in the fashion of a predictor-corrector integration, values are

computed at time (n+~) and at i+~, j+~, i-~, j-~ and these values used

in the integration to compute fluid properties at the center of each

cell and at time (n+l). Equations (72) and (73) generate cell interface

values of density at time (n+~).

n+~ n n
b.t (r. I-v. 1 . -r. -v. .)

n {I 1+ l+,J 1 1,J}
p. 1 • - 2 ( )
l+~,J r. 1 r. l-r.

1+~ 1+ 1
( 72)

52



r

L

t
6r

t

AEDC-TR-77-105

.. Z

Fig. 8 Volume Element of a Cell
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n+~

Pi,j+~

n+~ n n
!:Jt (u.. l-u.. )= n {I 1,J+ 1,J}

p.. 1 - 2( )
1,J+~ Zj+I~Zj ( 73)

In Cartesian coordinates the mass and density is given by:

and

n
M..
1,J

n
Pl'+k J' =2.,

n
= p. .6,r .l:1z.

1, J 1 J

(M: .+H~ I .)1,J 1+ ,J
!:Jr.!:Jz.

1 J

( 74)

( 75)

However, as r goes to infinity, P (cylindrical) approaches P (Cartesian)

and therefore Equations (69) through (73) are sufficient for both

coordinate systems.

A time dependent equation for pressure, based on the conservation

of mass, momentum and energy (Appendix ( B )) includes contributions from

pressure induced expansion (or compression), ohmic heating and viscous

dissipation. All magnetic and electric terms, such as ohmic heating,

may be represented either by a magnetic stress tensor employing the

second-order elliptic magnetic induction equation, as derived from

Maxwell's relations or by solution to a second-order elliptic stream

current or potential equation as described on page 32. In the first

case, currents are generated by the induced magnetic fields according

to Equation (22) and thus are contained implicitly in the "divergence"

of a magneto-stress tensor. In the second case, currents are explic-

itly defined through the use of potential or (current) stream functions

and Ohm's Law. Either the induction equation or the stream function/

potential equation may be employed as each equally represents the
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influence of electric and magnetic effects on the flow field. (Later

in this section a more detailed discussion of the calculation of

currents and the electric field can be found.)

The fundamental purpose of time and space-centering all calculations

in Phase I, as developed by Matuska, was to avoid instabilities resulting

from forces creating small momentum gradients. t While p and j x B forces

create severe gradients, viscous forces tend to diffuse momentum and

do not pose a significant threat to stability as compared with other MHD

forces.* It is primarily for this reason that pressure and electromag-

netic terms are time and space centered, whereas viscous terms are not.

Thermal conduction is also neglected at this stage because of its rela-

tively smaller contribution to the momentum and energy equations over a

time step. Computing the pressure at the cell interface at time (n+~)

(see Appendix ( B)):
n+~ n n

6.t y (r. l·v. 1 . -r. •v . .)n {I 1, 1+ ,J 1 1,J Lp. 1 • + ( ;[1+~, J 2r. 1 r. 1 - r . )
1+~ 1+ 1

n .n .n .n ).; n
+(y-1) (j • J +J •J 0' . +!< .r 1 • r. 1 . Z. 1 . Z. l' 1 2,Ji +~, J 1+~, J 1+~, J 1 +~, J ( 76)

6.tn+~. n nyeu.. ·l-u.. )
= p~ . 1 {I + • 1, J + 1, J }

1,J+~ 2(z. I-Z')
J + J

( 77)

*provided the time step is bounded (Eqns (16) and (17))

tInstability developing from severe gradients is eliminated by fluxing
(Phase II).
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If the current stream function is employed, the space-centered currents

and electric fields are defined at time Cn) by:
n no ~. 1 .-~. 1 .

.n = + ~ C~n) = 1+,) 1- ,)
) Z.. ur· 2~r.

1,) 1

( 78)

n n
~.. l-~' . 1= 1,)+ 1,)-

- 2~z.
)

( 79)

En
z. .
1,)

C
.n on. n )/ n n Bn

= ] +~.. J cr.. -v. . ez. . 1,) r.. 1,) 1,) ..
1,) 1,) 1,)

C.n on.n )/ n n n= J -lJ.. J (J.. +u . . Ber. . 1,) Z.. 1,) 1,) ..
1,) 1,) 1,)

( 80)

( 81)

If the electric potential is used, the space-centered· currents and

electric fields become at time Cn):

En
z. .
1,)

n n
~ ¢. . l-¢' . 1= __u_C¢n) _ 1,J+ 1,J-
oz - - 2 ~z.

J

n n
~ n ¢. 1 .-¢. 1 .

__u_C¢ ) _ l+,J 1- ,J
or - - 2~r.

1

( 82)

( 83)

.n
J z. . =

1,J

.n
Jr. . =

1,J

an [CEn n Bn ) on C n n n ]. . +v.. e -fJ •• E -u . .Be )
1,J z.. 1,J .. 1,J r. . 1,J ..

1,J 1,J 1,J 1,J

n [on C n n n n n na. . fJ. • E +v.. Be ) + CE -u.. Be ) ]
1,J 1,J r. . 1,J .. r.. 1,J ..

1,J 1,J 1,J 1,J

( 84)

( 85)

The choice of using either the stream function or potential is usually

dictated by the electrical boundary conditions. If the voltage Cor

potential) at the electrodes is known, the potential is employed. If

the external currents at the electrodes are known, then a stream function
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is used. Further, since the potential is constant on a conductor and

the stream function is constant on an insulator, defining infinity for

a particular generator might strongly influence the choice of one method

over the other.

The values of the currents at the cell interfaces are computed by

using the values of ¢ and ~ of the two cells adjoining at the interface

and employing the velocities, conductivity, Hall parameter and magnetic

fields evaluated at the interface. The relation between the stream

function and potential at the cell center and time Cn) becomes:

~~ . = ~~ . l-Cjn +jn )/{2-Cz.-z._ l )}
1, J 1 , J - r . . r . . 1/ J J

1, J 1, J -/2
( 86)

n
¢ ..

1,J
= ¢~ . l-CE

n
+E

n
)/{2 n Cz.-z·_ l )}

1,J- r.. r .. 1 J J1,J 1,J-~
( 87)

If the magnetic induction equation is employed CRe m»1), the

n
T
rr. 1 .1+ ,J

n
T =

ZZ. . 1
1, J +

magnetic stress elements become:

Bn _Bn
r. 1 . r. 1 ._ l+,J 1+ ,J

11p

Bn _Bn
Z.. Z.
'l,J+l 1,j+l

11p

( 88)

( 89)

n
Tee. 1 .

1 + , J

Bn _Bn
z.. z.
1,J+l 1,j+l

11p ( 90)

n
T
rz. 1 . 11+ , J +

2Bn +Bn +Bn
r· 1 . 1 r· r1+ ,J+ 1+1,j i,j+l

4f.l
P

57

2Bn +Bn +Bn
Zi+l,j+l zi+l,j zi?J+l

411
P

( 91)
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Tn
rr ..

1,J

n
T zz. .

1,J
=

( 92)

( 93)

n
T

e8 ..
1,J

=
( 94)

n
T
rz. 1 . 11+ , J +

( 95)

The Lagrangian velocities at the interface at time (n+~) may now

be computed:

2

1
/::'tn+~

/::'z. 1J+

1
~ n+~
L.\t

n n
T -T

zz. . 1 zz. .
_-....,...--_.{ 1 , J + 1 , J

n+k
2p. ~ 1

1, J +Yz

n n
Pi,j+l-Pi,j

n+~ ( )-gz
2P. ~ 1 zJ'+l-ZJ'1,J+Yz

n
u. . 1
1, J +~

n+!<
u. ~ 1
1, J +Yz

+

n+~ n
r~ T -r.T

.1 +1 rz. 1 . 1 1 rz. .
1+ ,J+ 1,J}

r. 1 • /::'r. 11+Yz 1+

1+ j Bn+~

2 n+~ r.. 8. 1 •
p.. 1 1,J+P 1,~,J
1, J +''2

( 96)

1 n+l n n+!'" 1/::,tn+Yz /::'tn+'2 n n
Pi+l,j-Pi,j

/::,t 2 T -T
n+!<: rz. 1 . 1 rz.

2 ( )-g { 1+ , J + 1,jV. 1 . 11+Yz, J 2 n+Yz r 2 n+!<:
Pi +!z, j ri+l-ri 2p. / . /::'z. 1

1+~,J J+

+

n n
r. IT -r T

1+ rr. l' i rr. .1+ ,J 1,J

r 1'+lL • /::'r. 1
'2 1+

n+1, n+t ,
T88 - /::'t'2

i+~, j} -. jn Bn+~
r 2 n+~ z. 8

• 1 P 1 +1 • • 1
1 +% • l' ~, J 1 +%2, J'

2 1+~, J ( 97)

Having predicted the values of pressure, density, velocity and

currents at each cell interface at time (n+~), the final stage of

Phase I, computing u,v and e at time (n+l) (excluding convection),

proceeds.

58



AE DC-T R-77-1 05

The rate of strain at each cell interface is computed based on

values of u and v at time en).

n
S
r. 1 •
1+~, J

n n
= vi+l,j-Vi,j

r. l-r.1+ 1
( 98)

n
S

Z. . 1
1, J +~

n
S
8. 1 •
1+~, J

=

=

n n
u. . -u.
1,J+l 1,j

Zj+l-Zj

n n
v. 1 .+V..l+,J 1,J

2r. 1
1+~

( 99)

(100)

n
S
rz. 1 • 1

l+~,J+~

n n
= ui+l,j-Ui,j

r. l-r. 11+ 1-~ (101)

n
Si+l,j+l =

n n nS +€ +S
r. 1 • Z •• 1 8. 1 •
l+~,J 1,J+~ l+~,J (102)

Next, calculating the stress tensor elements at each cell interface

at time en ):

for laminar flow:

n
T
rr. 1 •

1+~, J

n
T

Z Z. . 1
1, J+~

n
T

88. 1 •
1 +'2, J

n n 2 n n
- 21J . 1 • S + ~3 . 1 j s. 1 .

l+~,J r. l' 1+~" 1+ ,J+l
1+~, J

= n n 2n n- 21J . . 1 S + -;;i..l S
1 , J+~ z. . 1 3 i, j +!z i +1 , j +1

1,J+~

= n n 2 n n
-21J. 1 'S8 + ~3 ':1 .f:

1 +;:z, J . l' 1 +;2, J i +1 , j +1
1+~, J

(103)

(104)

(105)

n n
= -11· 1 • 1 E

l+;:Z,J+~ rz. 1 . 11+ , J +
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and for turbulent flow, the first three viscous stresses are zero and

employing an eddy viscosity:

n
T
rz. 1 • 1l+Yz,J+Yz

n n
= -(~1'+~ J'+~+~' )€rz

2, 2 I\. E . 1 . 11+ , J +
(107)

If the magnetic induction equations are employed, the stresses become

n
T
rr. 1 •

1 +Yz, J

n
T

zz. . 1
1,J+Yz

n
T

88. 1 •
1 +Yz, J

Bn _Bn
r. 1 • r. 1 •
l+~,J l+~,J +V1'SCOUS t- ---.....::.::-=-----......:~ componen

~p

Bn _Bn
z. . 1 Z.. 1
1,J+~ 1 J+~

- ----"--"------=':....::.--..::. +viscous component
~p

Bn _Bn
8. 1 • 8. 1 •

l+Yz, J 1+~, J
- ---.....::.::-=------=..;::...::... +viscous component

~p

(108)

(109)

(110)

n
T
rz. 1 • 1

l+Yz,J+~

Bn _Bn
r. 1 • 1 Z. 1 • 1

l+Yz,J+~ l+Yz,J+~ +viscous component (Ill)
~p

The change in velocities over a time step results from forces due

to pressure, magnetic fields and gravity.

n+l
u ..
1,J

n
u ..

1,J

n+!z n+!z
Pi,j+!z-Pi,j-!z 1

____.{ }_g ~tn+~

n z
p. . ~z.
1, J J

1
Atn+~ n n
D. r. 1 T -r. 1 T

1+~ rz. 1 • 1 1-~ rz. 1 • 1_____{ l-~,J+~ 1-Yz,J-Yz
n

p. . r. -~r.
1, J 1 1

~z.
J

+

n n
T -T

zz .. 1 zz .. 1 1
1,J+~ 1,J-~}+jn+~ Bn

z.. 8. . n
1,J 1,J p..

1, J
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1,J

AEDC-TR-77-105

n+~ n+~ n+~ n+~ n n
~t p. 1 • -p. 1 • ~t r. 1 T -r. 1 T

l+;Z,J l-;Z,J n+1 1+;Z rr. 1 • 1-~ rr. 1 •
___{ }_g ~t ~_ { 1+~, J 1-~, J

n r n
p.. ~r . p . . r. •~r .1,J 1 1,J 1 1

+

n n
T -T
rz. 1 • 1 rz. 1 • 1

l+~,J+~ l-~,J-~

~z.
J

n n
T +Tee. 1 • ee. l' 1

l+~,J l-~,J} .n+~ n
---..;;...::..---~::- +J B

n z .. e..
Pi_~,j+~ 1,J 1,J

n
p..
1,J

(113)

The change in energy for each volume element over a time step is

based on contributions from: (1) the work done by the pressure 9f the

surroundings on the volume element, (2) the work done by viscous and/or

magnetic forces on a volume element, (3) the energy input by thermal

conduction into a volume element, (4) the work done by the pondermotive

(Lorentz) force in driving the fluid, including Joule heating and (5)

the work done by gravity. Note, once again, if the stress elements

contain magnetic terms (Rem »1) then the last terms in Equation (112)

and (113) are ignored.

.n
1 ..
1,J

= n 1 n n n ne . . --2(u . .• u . . +v. .• v . .)
1,J 1,J 1,J 1,J 1,J

(114)

r. 1
1+~Dr. 1 = -;:----..=-----.--

1+~ (r. l-r.)r.~r.1+ 1 1 1

r' l
Dr. 1 = -;:- 1_-~-:=2_....-_

l-~ (r.-r. l)r.~r.
1 1-~ 1 1

(115)

(116)

Dz. 1 =
J+~

1
(z. 1-z . )~z .

J + J J

(117)

1Dz. 1 = -;:----'::"""7"-

J-~ (z.-z. l)~z.
J J - J
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n+l
e .. =
1,J

ne ..
1,J

IItn +1<2 r. n+1<2 n+1<2 n +1<2 n+1<2
L.J. ·P'l .·V. 1 .-r.·p ·V

1+~ l+~,J l+~,J 1-~ i-~,j i-~,j

n {-----------------
p. . r.~r.
1, J 1 1

+

6.z.
J

+

r.6.r.
1 1

n n+1< n n+1<
r. 1·1' ·u. / .-r. 1·1' ·u. 1

2
•

1+~ rz. 1 • 1 l+~,J 1-~ rz. 1 . 1 l-~,J
l+~,J+~ l-~,J-~

r.6.r.
1 1

n .vn+~ 'Tn .vn+~
l' .. 1- L •• 1
rZ' l . 1 1,J+~ rZ'l . 1 1,J-~+ __1_+_~~':..:J::_.+_;x.=..2 l_-....:~~,..:.J_-_~"'--___+

~z.
J

n n+1< n n+~
l' ·u. ~ 1 -1' ·u. . 1

Z Z . . 1 1, J +~ zz . . 1 1, J -~
1,J+~ 1,J-~}

6.z.
J

+

n+1<c6.t 2

v

n+!zp..
1, J

.n+~ .n+~ .n+~
1. 1 . 1. 1 . 1.. 1
1+~, J 1-~, J 1, J+~

{[Dr. 1· ·A. 1 .+Dr. 1· ·A J+[Dz· ·A
1+~ c l+~,J 1-~ c i-~,j j+~ c i,j+~

v v v

c
v

.n+!z
1. . 1

1,J-~ n+1< En+~ .n+~ n 1
+D. ·A.. 1 J} +(j 2 +J E +~ )___ (n+l n+l) IItn+~

1 J ;x Z z r r n - v. .• g +u. .• g L.J., -2 ..... . . . 1,J r 1,J z1,J 1,J 1,) 1,) p..
1,)

Problems where the induced field becomes significant eRe »1)
m

requires a solution to the induction equations:

(119)

Bn + l
e. .
1,J

1
fjtn+~ Bn

= Bn + { Dr . [ei, j +1
0. . 1+~ n
1, J IIp a. . 1

1, J +~

B
n

Bn
e. . e. 1 .
1,) J+Dr. 1 [ 1- ,J

n 1-~ na. . 1 a. 1 •
1,)+~ l-~,J

Bn
e..
1, J J+

na. 1 •
1-~, J

B
n
e. 1 .

Dz . [ 1+, J
J+!z na. 1 .

1+~, J

B
n

Bn
e. . e. . 1
1,J l+Dz. [ 1,)-

n - J -~ na. 1 • a. . 1
l+~,J 1,J-~

Bn
e..

_ 1,J]}
na. . 1
1,J-~ (120)
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z. .
1,J

B
n

+
z. .
1,J

1
6tn+~ Bn

---'{Dr. [Zi, j +1
IIp 1+!z na. . 1

1,J+~

Bn
z. .
1,J

n
a. . 1
1,J+~

B
n

] +Dr. 1 [ zi -1 , j
1-~ na. 1 •

1-~, J
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Bn
z. .
1, J J+

na. 1 .
1-~, J

Bn

Dz. [zi+l,j
J+!z na. 1 •

1+~, J

B
n

Bn
z. . e. . 1

1 ,J J+Dr. 1 [ 1 , J -
n 1-Yz na. 1 . a. 1
l+~,J 1,j-~

Bn
z. .
1, J J}

n
a. . 1
1,J-~

(121)

Bn+l
r ..
1, J

1
6tn+~ Bn

Bn + ---{Dr. [ri , j +1
r. . 1+!z n
1,J IIp a . . 11,J+Yz

Bn Bn

ri,j I" r i _l j
-~:...-- +Dr. 1 L '

an. . 1-~ n
1 a. 1 •

1,J+~ l-~,J

Bn
r ..

1, J J+
na. 1 •
1-~, J

Bn

Dz. [ri+l,j
J +!z na. 1 .

1+Yz, J

Bn
r ..
1,J ]}

na. . 1
1,J-~ (122)

Problems where Re «1, such as an MHD generator, require solution to
m

Equation (53).

Solutions to the Elliptic PDE for Small Re
m

There are numerous numerical approaches to solving Equation (53).

Three methods were considered: Alternating direction implicit (ADI),

Gauss-Seidel (GS) and Successive Over-Relaxation (SOR). SOR was found

to converge more rapidly in all cases and therefore was the most

promising. Once Equation (53) is solved for ¢ or ~, the electric fields

and currents are determined and the pondermotive force (JxB) and electric

energy (JoE) become known quantities in the momentum and energy equations.

computation of a new fluid dYnamics state will influence the behavior of

currents which result in a "coupled solution" necessitating solving

Equation (53) frequently if currents are strongly dependent on the flow

field or infrequently if the currents are weakly dependent on the flow

field.
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A discussion of the solution of Equation (53) by ADI, GS or SOR

follows. ADI has already been employed to solve the thermal magnetic

diffusion described by Equations (49) through (51) and (36).

In the MHD generator under consideration, the magnetic field is

time independent, thus satisfying Equations (54) and (55) identically.

A time dependent (induced) magnetic field which is frozen to the fluid

and/or diffusing into the neighboring medium would create a time

dependent potential (or stream current) term in Equation (53). In this

case, it would be necessary to solve the magnetic induction Equations

(49) through (51).

Considering the ADI method, the numerical solution to Equation (53)

was performed implicitly by "sweeping" along the axial and radial (or

Cartesian) coordinates and summing the contributions of gradients in

both directions. Expressing the derivatives in terms of finite

difference expressions, summing, and rearranging, a series of simu1-

taneous algebraic equations results. The coefficient matrix of the

dependent variable representing these algebraic equations is in tri-

diagonal form and is expeditiously inverted without the need for

iteration. The matrix is decomposed into upper and lower matrices and

solved exactly equation by equation. The (zeroth) first and second

derivatives (in the z-direction) are cast in the following finite

difference expressions:*

(123)

-------------
*~ replaces ~ if Equation (66) is to be solved instead of (63).
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Q 8 1 ¢ . '. 1 -¢ .. ¢.. -¢. . 1
r (th )] = _[ ( 1, J +Yz 1 , J ) _( 1, J 1, J - Yz) ]8"Z1-8Z'fI 1' , J' ADZ • z. 1- Z • Z • - Z

J J+ J J j-l

8 [ 1 18Z In (Ot) J =-- -(0 -0 )
0t /],z • t . . 1 t.. 1

." J 1, J +:-z 1, J -:-z1,J

8 1
-r:-=-z(vB+SuB) = -/],[(v.. 1 -B.. 1 +13 .. 1 -u.. 1 -B.. 1)-
() :L. Z . 1 J +% 1 J +% 1 J +% 1 J +% 1 J +%j ,2,2,2,2,2

(v. . 1 - B. . 1 +13. . 1 - V . • 1 - B. . 1)1,J-:-Z 1,J-Yz 1,J-~ 1,J-:-Z 1,J-:-Z

Equation (53) becomes in finite difference form:

A.th .. +B.¢.. +C.¢.. 1 = D.
J'fI1,J+~ J 1,J J 1,J-:-Z J

AEDC-TR-77-105

(124)

(125)

(126)

(127)

.(128)

for the i,jth cell. Sweeping across the jth row, j simultaneous

equations result. In relaxing to the steady state solution: the left-

hand side of Equation (53) was set = to(¢ (new) - ¢ (old)/~t and

iterations proceeded until ¢ (new)= ¢ (old) or the right-hand side of

Equation (53) was equal to zero.

A3¢4+B3¢3+C3¢2

A2¢3+B2¢2+¢1

Al ¢2+Bl¢1

(129)

(130)

(131)

where the coefficients A(j), B(j), C(j) and D(j) are:

1 1 1 oJ. -0 S· .
+-[

I· • 1 t. . 1 1,J
A. = ( 1,J+:-Z 1,J-:-Z

(z. l-z.)Ez. /],z. ) +J /],z. 0t 0+J+ J J J .. J1,J 'i,j

0t -° 13 . 1 • - 13 . 1 •
• 1 • t. k' J +~, J 1-:-Z, J

{( 1+:-z, J 1- 2, J ) + ( ) } ]
/],~. /],r.

1 1
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= [_ 1 _ 1 . ]~
Bj (z. 1-z,)~z, (z. 1-z.)~Z. ~t

J+ J J J- J J

1 ° -Ot 13. .t .. 1 •• 1 1,J
[ ( 1,J+~ 1,J-~)+ ___

C. = ( ) A --;:'--Z rf ~Z • 0t) z. 1- Z , DZ. D. Vt
)- ) ) J i,j J i,j

° -Ot 13. 1 .-13. 1 •t. l' • l' 1+~,) 1-~,)

{( 1+~,) l-~,J)+( )}l
~r. ~r. m

1 1

1 1
D. = -[v.. ·B.. +13 .. ·u.. ·B. ']0 -r;-(Ot -Ot )

) 1,J 1,) 1,) 1,J 1,J t. . Zj i,j+~ i,j-~
1,J

(133)

(134)

(135)

Similar relations are developed fot the column sweep. The solution

to ¢ occurs when the potential has relaxed to its steady state value and

no discernible change in ¢ occurs in ensuing iterations.

The G-S technique relaxes to a numerical solution by use of the

algorithm:

th~+1. = n n n n n
~ ¢i J.~(-Di-DJ.+Ai¢i+1 J:+A)'¢l' J'+l+C,¢, 1 .+C.¢ .. l)/(B.+B.)1,J, ,,1 1-,) ) 1,J- 1 J (136)

or

,¥n+1 =
i,j

n
'¥. .+
1,J ( -D.-D.+A.'¥. 1 .+A.'¥~. +C.'¥~ .+C.'¥~. )/B.+B.)

1 J 1 l+,J J 1,J+1 1 1-1,J J 1,)-1 1 J
(137)

where axial coefficients A., B., C. and D. are defined by Eqns.
J J J J

(132)-(135) and radial coefficients A., B., C. and D. are
111 1

derived in the same manner.

SOR employs the GS method, with acceleration to convergence

achieved by employing the modified algorithm:

66



~~+l. ~n n+l
'fJ =Wff· .+(l.,w)¢ ..
1,J 1,J - 1,J

or

'f~+~ = w'f~ . +(1-W) 'f~ .
1,J 1,J 1,J

where w = 1.75 (w = 0 yields the g-s method).
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(138)

(139)

Oliver (58) discusses the influence of electromagnetic properties on

the rate of convergence and suggests, in some cases, under-relaxation

(w = 0.2). SOR was found to converge more rapidly than GS or ADI and

thus was the method employed to solve Eqn (53).

Results of a variety of problems are presented in section (3.5).

¢ or 'f Boundary Conditions

The electrical boundary conditions on the electrodes as derived in

Appendix (A.2) are:

~('f) =or
o 0

S8Z('f); 82(¢) = 0: conductor
(140)

~r(¢) = -S~z(¢); ~z('f) = 0: insulator (141)

Equation (53) is completely described by the boundary conditions. In

addition, the electrical relation between the generator (internal

circuit) and external circuit must be specified in order to provide a

complete set of boundary conditions necessary for solving the elliptic

partial differential equation. The particular generator, e.g., Faraday,

Hall, Diagonal,* etc., determines the nature of the boundary conditions

employed and further furnishes impetus for employing either ¢ or 'f, in

order to determine the electric field and currents.

*The primary difference between the Faraday, Hall and Diagonal generator
is the alignment of the electrode-pairs in the MHD channel~

67



AEDC-TR-77-105

The difficult boundary condition to specify occurs at infinity,

but for the Faraday generator, the stream current function is used

since at

z = 00 ~ = ~ = 0 (142), 00

and is constant up to the first electrode. For the Hall generator, use

is made of the potential because at

z = 00, ¢ = ¢oo = A

is known, and is constant up to the first insulator.

(143)

Appendix (A.2) contains an in-depth discussion and derivation of

the electrical boundary conditions in both the electric potential and

stream current function.

Phase I! (Eulerian Frame of Reference)

Once the new velocities are known, the convective terms in the differ-

ential equations can be computed by transporting mass from a cell

':;00 • (n+l 1)
1 = 1 V. 1 .> ,

1+~, J

. . (n+l 1)J -" = J u. . 1 > ,
1, J+~

• .A • 1(n+l 1)
1 = 1+ V. 1 .<

1+~, J

j> = j+l(u~+~ 1 <1)
1,J+~

(144)

(145)

n+l n+l n+l6,t r v. .-r.v..
n i+l l+l,J 1 1,J}

p.'" .{l- . r r
1,J ri+~ i+l- i

(146)

n+~

Pi,j+~
(147)

to its neighbors. In Equations (146) and (147), the densities are

updated, based on the veloGities. The mass fluxes are computed in

Equations (148) and (149) and based on these values, the momentum, energy

and magnetic transport values are computed in Equations (150) through

(161) .
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n+1 n+1 ~. n+1 ~ n+1).~ .~tn+1= v. 1 .ep. 1 .eZener. 1 (1+ Z V. 1 • t z.
l+~,J l+~,J 1+~ l+~,J J

n+1 n+1 (1 n+1 A n+1) A A n+1= U. . 1· P . . 1· 2 •7r • r. 1+ -Z· u . . 1 u t · Dr . •Dt
1,J+~ 1,J+~ 1 1,J+~ 1

(148)

(149)

pn+1 pn+1 n+1= eu. . ~
U. 1 m. 1 1,JJ +:oz J+~

pn+1 pn+1 n+1= ·V. .~

Vj+~ m. 1 1,JJ +:oz

pn+1 pn+1 n+1
= • e. ~ , jei+!z m. 1 1

1+~

(150)

(151)

(152)

(153)

(154)

(155)

n+1m :::
r. :(
1+~

n+1
m
r. 1

J +~

n+1 n+1 eAtn+1
V •• 1eB D.

1, J +~ Z. . 1
1, J +~

n+1 eBn+1 .Atn+1
U. . 1 D.

1, J +~ r. . ~
1,J

(156)

(157)

(158)

n+1 .Bn+1 e~tn+1
U. 1 •
l+~,J r. 1 •

1+~, J= ----~-~:::.-----
r. I-r.1+ 1
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=

n+l oBn+1 .~tn+l
v. 1 • e....
1+~, J ~

1 ,J
r. l-r.1+ 1

(160)

=

n+l n+l A n+l
u. . •B • Dt

1, J +~ e. . ~
1,J (161)

Pinally, the new mass, density, velocities, energy and magnetic fields

are computed at time (n+l) at the center of each cell based on the

~+~
1,J

convection terms in phase II and force terms in phase I.

n+l n+l n+l pn+l
= ~f ,+P +P - Pm - m

1 , J m. 1 m. 1 l'+~ J' +~
1-~ J -~ 2 2

(162)

n+l
p.. =
1,J 2 2

'IT (r. 1 -r. 1) ~z .
1+~ 1-~ J

(163)

n+l
u.. =

1,J

n+l n n+l n+l pn+l pn+l
u.. oB.. +P +p - -

1 J 1, J U. 1 U. 1 U. 1 U. 1
, 1-~ J-~ 1+~ J+~

K:+~
1,J

(164)

n+l
v .. =
1,J

n+l
e .. =
1,J

n+l
Br ..

1,J

Bn +l
z. .
1, J

n+l
Be..

1, J

I n+l n+l n+l pn+ln+ .n +P +p -p _
v. .• M. . v V. 1 V. 1 V . +~

1 , J 1 , J i _~ J - ~ 1+~ J 2

n+l
M..

1,J

n+l n+l pn+l _pn+l
e~+~ •~ .+Pe +pe 1- e. 1 e . +~
1,J 1,J i-~ j-~ 1+~ J 2

I n+l n+l n+l n+l= Bn+ +m -m -m +mr 1 r. 1 r. 1 r . +~r.· J' -~ 1-~ 1 +~ J 21,J

I n+l n+l n+l n+l= Bn+ +m -m -m +m
z . . Z. 1 Z. 1 Z. 1 Z J' +~
1, J J -~ 1-~ J +~ 2

n+l n+l n+l n+l _mn+l
= B +m +me -me. 1e. 1e.. e. ~ i-~ 1+~ J+~1,J J-2 2
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III. DISCUSSION AND APPLICATION OF PHENOMENA INDUCED BY HYDRODYN~1IC,

VISCOUS OR ELECTROMAGNETIC FORCES

The effectiveness of a numerical procedure is measured by its

ability to reproduce the results of experiments or classical analytical

solutions. In this section, there are a variety of problems solved

numerically which illustrate some fundamental physical process influ­

encing the behavior of an electrically conducting fluid. In each case,

the numerical results were compared with experimental data or a closed

form analytic solution. Once established that the technique can solve

the classic problems, the more challenging applications are considered.

Problems are categorized into five areas: shocks, boundary layers,

compressible flow, diffusion and Emf forces. Each subsection details

the make-up and solution of the particular problem being investigated.

3.1 Shocks

Shocks were examined in a variety of problems: supersonic flow

over a sharp-nosed projectile, shock tube flow with and without magnetic

fields, regular-irregular (Mach) reflection generated by flow over a

wedge, supersonic flow over a semi-infinite cylinder and hypersonic flow

over a blunt-nose re-entry vehicle.

A test was run and compared with HULL to check out the hydrodynamic

logic. A shock tube containing a diaphragm separating a low pressure

region (40 atm) from a high pressure region (4,000 atm) was modeled.
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After bursting of the diaphragm, calculations proceeded employing both

programs and the results were identical in both cases. Referring to

Figure (9), a shock was initiated from a pressure ratio of 100 generating

a particle velocity of 1.5 0 106 cm/sec. Under the severe pressure

gradient introduced by this test, no evidence of any numerical instabil­

i ty occurred.. This shock tube problem is explored in greater depth

later in this section.

A problem of interest to the aerodrnamicist is shock attachment or

detachment over a sharp-nosed projectile. Considering projectiles of

nose angles of 20°, 35° and 45° in a Mach three airstream, attached and

detached shocks were generated. Further, by changing the free stream

Mach number, the shock can be re-attached. Figure (10) shows an attached

shock at Mach three and angle 20°. Increasing the nose angle to 35°,

the shock begins to detach. At 45°, the shock is further displaced from

the body. Decreasing the Mach number to two (30°), the shock originally

attached, detaches, as seen in Figure (11). Results compare favorably

with theory (89), which predicts shock angles of 37° and 62° for

nose angles of 20° and 35° as compared with shock angles of 39° and 58°

developed numerically.

Referring to Figure (12), further analysis of the shock system

reveals that initially a shock (compression) occurs followed by an

expansion about the wedge turning point. For a fixed inlet Mach number,

the angle of the projectile nose determines the location and direction

of the oblique shock. As the projectile nose exceeds a critical angle,

a normal shock develops in the vicinity of the projectile nose and

detaches a distance depending on the inlet Mach number and nose angle.

72



AE DC-T R-77-105

(])
H
~I
if1
if1
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H
Pi

Axial Location Along Shock Tube

Fig. 9 Comparison of Computer Programs for
Shock Tube Test Case
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Fig~ 10 Sharp-Nosed Projectiles of Angles 20°, 35°, and 45°
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Projectile (1/2) Moo = 2

Fig. 11 Detached Shock for a 300 Wedge
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The normal or strongly oblique detached shock compresses the flow from

supersonic to subsonic conditions. However as the flow expands, a

sonic condition (sonic line in Figure (12)) is reached, wherein the flow

once again becomes supersonic. Although this problem presents no

special challenge to a transient explicit finite difference procedure,

other techniques, such as the method of characteristics, etc., cannot

treat both the subsonic and supersonic regimes. Figure (13) illustrates

a detached shock for a 45° wedge and Figure (14) depicts the transient

formation of an attached shock over a 20° wedge.

In the early 1960's (65), studies were performed to determine

the feasibility of employing magnetic fields to control highly ionized,

conducting external flow fields. Applying a magnetic field of 0-1

Tesla to the projectile (20°) already computed, and assuming infinite

conductivity, the shock was made to detach from the body. Initially,

a magnetic field of 0.5 Tesla distorted the shock (Figure (15)) and

increasing the magnetic field to 0.75 Tesla caused detachment. A mag-

netic field of 1 Tesla further detaches the shock. Vehicle weight

limitations prohibited use of onboard magnets to actually attain this

objective.

Shock Tube

Employing a less severe pressure gradient, numerical results were

compared with shock tube theory and the Rankine-Hugoniot equations.

Referring to Figure (16a) and Equations (170) to (172), a pressure

u 2u - u u = C (1---)P - 1- 2 s u
l
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Flow

Ftg. 13 Detached Shock for a 450 Wedge
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b. Time = t 2

c. Time = t 3 d. Time = t 4

Fig. 14 Transient Shock Formation
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Fig. 14 (Continued)
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(171)

(172)

(y+l) P2 1/2
2y p)

1
+

(y-l)
Cs ::; a l ( 2y

-2y

P4 P2 (y-l) (al /a4) (P2/Pl-l) y-l

PI = ~1-SQRT{(2Y)(2Y+(Y+l)(P27Pl-l))}J

ratio (P4/Pl) = 10 and temperature ratio (T
4

/T
l

) = 1, will generate a

shock moving into the lower pressure region at a speed of 52,800 cm/sec

and produce a particle velocity = 28,400 cm/sec (P2/Pl is 2.86~. Numer­

ical results indicate a shock speed of approximately 53,600 cm/sec and

pressure ratio of 2.98. A temperature and density ratio across the

shock was numerically found to be 1.40 and 2.13, which compares favor-

ably with 1.405 and 2.07, respectively, as predicted by theory.

Computing upstream and downstream Mach numbers relative to the moving

shock:

M
x

= C
s
/c

2
= 53,600/33,000 = 1.625
k:

where c = (yp/ p) 2

My = (Cs-Up)/Gl (53,600-28,400)/39,000 = 0.66

Table (1) compares the computed values of P2/ Pl' P2/Pl' T
2
/T

l
, M2/M

l
,

Up and C with one-dimensional normal shock relations or the Rankine­
s

Hugoniot equations and shows close agreement in all cases.

Table (1) Comparison of Results for ~~ = 1.625

Numerical Calculation Rankine-Hugoniot Relations

M
x

M
Y

P2/P1
P2/P1
T2/T1

1.625

0.665

2.98

2.13

1.40

1.625 (GIVEN)

0.66

2.92

2.07

1.405
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Modifying the shock equations so as to introduce magnetic fields,

the following equations result:

MHD Shock Relations in a Moving Coordinate System

Plu = P
2

(u-u
2

) (173)

B
2 2

2 B2 2
Pl+ .-1.+ Plu = P2+ "2 +P2(u-u2) (174)

2lJp ~
2 2

P2 B
2

1 2Y PI Bl
u
-] P2(U-U2)[Y~1

2 2(u-u2) ] (175)P u[-- + - + = -+ -- +
1 y-l PI Plll p

2 P2 P211 p

u = shock speed

u = particle velocity2

B magnetic induction

P pressure

II = magnetic permeability
p

P density

C = shock velocity
s

y = specific heat ratio

For an applied magnetic field strength of 1 Tesla, the values of

pressure, temperature and velocity are modified as shown in Figure (16b)

and (16c). Preservation of the Rankine-Hugoniot equations which indicates

conservation of mass, momentum and energy through a normal shock was

maintained.

Regular-Irregular Shock Reflection

Regular-irregular shock reflection has been studied most recently

by numerous authors ( 90, 91, 92 and 93). Theory governing the

transition from regular reflection (the formation of a reflected oblique
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shock from an incident oblique shock) to irregular reflection (the

formation of two oblique shocks and a normal shock) has been established.

The principal objective in performing this calculation was to determine

the program's effectiveness in computing a stable Mach stem or triple

point. No attempt was made to study the extremely difficult and

(computer) time consuming problems of repetitive triple point formation,

especially those emanating from an under-expanded or over-expanded nozzle.

Figures (17), (18), (19) and (20) illustrate the formation of this Mach

stem. In Figure (17), velocity vectors depict the shock pattern. In

Figures (18) and (19), pressure and Mach intensities are shown. Pressure

contours are displayed in Figure (20) and finally the normal shock of the

Mach stem is plotted in Figure (~l)~ A triple point was also computed

from flow exhausting from a nozzle as shown in Figure (22).

Other calculations include a detached bow shock over a semi-infinite

cylinder as displayed in Figure (23), and a re-entry vehicle with a

configuration (point of inflection) causing an imbedded shock (Figure

(24)).

3.2 Boundary Layer

The most fundamental boundary layer problems investigated are

(1) Couette flow, (2) viscous flow over a flat plate, (3) Rayleigh.

flow discussed in Section (3.4), and (4) turbulence.

Couette flow consists of flow in a parallel-wall channel where one

wall is stationary and the other is moving. Two problems are examined:

(1) the fluid is non-conducting and experiences only pressure and

viscous forces and (2) the fluid is conducting and experiences pressure,

90
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M = 3
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Fig. 20 Pressure Contours of Mach Stem
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viscous and Lorentz forces when under the influence of an applied

m,;gnetic field.

Couette Flow

Considering a non-conducting incompressible fluid, the equation

of motion in the x-direction reduces to:

cS
Pcst(u) = (176)

At steady state, Equation (176) becomes:

cS
CSZ(p) (177)

Applying the following boundary conditions:

u = 0, r O;u=U,r=oo

a solution of the form

u = 41- (l-E.)'PJ
h h

is obtained, where:

h 2 0
P - 2~U (- 8;(p»

(178)

(179)

The cases for P = -3,-2, -1 (backf1ow), 0 (constant pressure), +1,

+2 and +3 were run with results in close agreement with Schlicting

(94). A disparity of approximately 10% was caused by a coarse mesh

(ten cells) and a slightly varying time-dependent solution (Figure

(25».

Next, considering the transient Couette problem (Stokes' First

Problem) at a constant pressure, and applying the same initial and

boundary conditions as before, the transient solution is developed.

Results are shown in Figure (25) with good comparison to the data

presented in Schlicting (94).

99



AEDC-TR-77-105

1.0

0.8

0.6
~
h 0.4

0.2

0

-0 . 2 0 0 . 2 0.4 0 .6 O. 8 1. 0 1. 2 1. 4

u/Uo

h --------1.....

1.0

0.8

u 0.6
U

0.40

0.2

0
0 0.2 0.4 0.6

y/h

0.8 1.0

Fig. 25 Couette Flow. Transient and Steady State

100



AEDC-TR-77-105

Couette Flow - Thermal Distribution

The temperature distribution in Couette flow is governed by the

energy equation and reduces to:

for the l-D, steady case with constant thermal conductivity and

(180)

viscosity. If both walls are maintained at constant temperature Tw

then the solution of Equation (180) is parabolic and its analytic

solution is shown in Table (2) along with numerical results.

Table (2 ) Thermal Distribution in .Couette Flow

X/L T/TW T/TW
Analytic Numerical

O. 1.0000 1.0000
0.1 1.3600 1.3600
0.2 1.6400 1.6397
0.3 1.8400 1.8394
0.4 1.9600 1.9590
0.5 2.0000 1.9988
0.6 1.9600 1.9587
0.7 1.8400 1.8388
0.8 1.6400 1.6391
0.9 1.3600 1.3595
1.0 1.0000 1.0000

Couette - ~ffiD Flow

The equation of motion in the axial direction (neglecting radial

momentum) is given by:

000
ot(u)+ulZ(u)+vor(u)

1 0 1 0 0 1- -
-- y-(p) + - Y-(11~(u)) + -j xBP uZ P ur ur P (181)

Employing Ohm's Law, the Lorentz force jxB is replaced by

\7xB k
- - z-
jxB = --xB =

11
where k is the unit normal vector

1 0
---'- -(B B)

11 or z (182)
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where B is the induced magnetic field and B is the applied magneticz

field. Also, from the magnetic induction equation

\7x\7xB k.
z

--- + \7x;xB k.
1.10 z

(183)

at steady state, this equation reduces to:

and upon integration yields:

(184)

~ i-(B) B
1.1 or z

2= 0uB z (185)

The Lorentz force then becomes uB
2

and the equation of motion at steady
z

state (constant viscosity) reduces to:

1.1 0 0
p or(or(u)) =

with boundary conditions:

u = u (r = 0), u = 0 (r = h)

o 2
~(p)+0uBur z

(186)

Non-dimensionalizing u and r to the free stream velocity and channel

width, respectively, the solution to Equation (186), neglecting the

pressure gradient, is

Bz

SINH(H Y)
a

u = SINH(Ha )

COSH(H )-COSH(H Y)
a a

SINH(H )
a

(187)

(188)

where H is the Hartmann number
a
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U is the non-dimensional velocity and Y is the non-dimensional width.

As H goes to zero
a

(190)

If B also vanishes the solution for couette flow results.
z

Comparison of numerical and analytic results are shown in Table (3)

with good agreement in all cases.

Table (3) Couette Flow with a Transverse Magnetic Flow

Analytic Solution Numerical Solutiont

y/h u/U B* u/U B*, 0 0

0.0 o. 0.240 O. 0.243
0.1 0.02 0.240 0.025 0.243
0.2 0.05 0.238 0.051 0.241
0.3 0.08 0.234 0.081 0.238
0.4 0.12 0.230 0.118 0.230
0.5 0.18 0.220 0.166 0.219
0.6 0.22 0.200 0.234 0.205
0.7 0.30 0.170 0.330 0.178
0.8 0.44 0.120 0.472 0.142
0.9 0.69 0.070 0.683 0.086
1.0 1.00 O. 1.00 O.

B* =normalized induced magnetic field

t flow not exactly steady or incompressible

Flat PLate

The boundary layer along a flat plate (Figure (26)) is described

by the following boundary layer equations and boundary conditions:

cS cS
uCSZ(u) +v cS r (u) =

]J cS cS
P cSr(cSr(u)) (191)

cS cS
lZ(u)+ cSr(v) = 0

r = O,u = v = O'r = oo'u = U
00
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Blasius developed a series solution to the transformed ordinary differ-

ential equation which replaced the partial differential equations

described above.

-1Blasius predicted a boundary layer thickness 0 equal to 5x/Re .
x

'3In Figure (26) numerical results for the case where p = 0.001 gm/cm ,

~ = 0.0001 cp, u = 833 cm/sec are shown. The boundary layer thickness

at x = 0.048 cm was found to be 0.011 cm which compares favorably with

the Blasius prediction of 0.01 cm.

MHD Flow over a Fiat Plate

Incompressible viscous flow over a flat plate in the presence of

a transverse magnetic field was investigated by Rossow (33). The

flow in the boundary layer is described by:

o <5 <5
P(u8;(u)+vor (u))+ 8Z(p) =

and in the inviscid free stream:

(194)

<5
oz(p)

2
-0B u

z
o
-(u)oz a

(195)

and with boundary conditions

u = 0, y = 0; u = u, y = TI.

Applying an external magnetic field to the previously discussed

flat plate problem, and assuming now that the fluid is electrically

conducting, the boundary layer becomes distorted as shown in Figure (26).

Turbulent Jet

The equations of motion applied to a turbulent problem are:

000
cs:t(u) +u8Z:(u) +vor eu)

105
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o 0
lZ(u)+ or(v) = 0 (197)

Schlicting discusses the free turbulent jet flow problem (Figure

(27)) and presents theoretical results of Gortler and measurements made

by Reichardt. Employing a virtual kinematic viscosity based on the

Prandtl hypothesis:

where U
l

and U2 are velocities of two mixing streams.­

The equations of motion for the steady case reduce to:

(198)

o 0
uesz(u)+vor(u) = o 0

c:-(-(u))or or
(199)

Solution of this equation by similarity transformation yields an

equation identical to that of the Blasius equation for a flat plate,

but with different boundary conditions. Based on measurements performed

by Reichardt (A is evaluated) an eddy kinematic viscosity is computed from

empir-ieal data--anu exee11en-t--results between theory and experiment were

obtained. The solution to the Blasius equation is the error function,

and u was found to be:

u = rc: = (J­z (200)

This problem was solved numerically and results are compared with those

of Gortler and Reichardt in Figures (28) and (29).
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3.3 Compressible Flow

Compressible flow problems consisted of internal flow in a nozzle

and external flow around an RV and M-117 warhead.

Nozzle Flow

Flow in a nozzle was investigated with attention focused on the

phenomena of choking, shocks and flow separation.

Analytic solutions to certain one-dimensional gas dYnamic problems

.are easily developed. For a perfect gas, isentropic flow and varying

area, the conservation equations yield the following thermodynamic

relations:
Po = (1+ y-1M )Y/(Y-l)
Px 2 x

(1+ y-1H )l/(Y-l)
2 x

(201)

(202)

(203)

(204)

where P,P,T,A and M denote pressure, density, temperature, area and

Mach number, respectively, at chamber conditions (0) or stations (x)

and (y).

Considering flow at constant area, the conservation equations

become:
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Plul P2u2

2 2
Pl+Plul P2+P2u

2

2 2

H +
ul u2
2 H +-1 2 2

(205)

(206)

(207)

where HI and H2 are the total enthalpy per unit mass. Equations (205)

through (207) hold before and after the shock. Equations (205) and

(207) are valid for Fanno Flow (friction), whereas Equations (205) and

(206) are satisfied for Reyleigh flow (heat transfer).

For a normal shock these equations are rearranged to yield the

Rankine-Hugoniot expressions:

(208)

2
(y+l)HI

2
(y-l)H +2

1

(209)

(210)

A fundamental problem of obvious considerable importance to the

aerospace engineer is flow in a nozzle where the inviscid equations

described above hold. Problems investigated in this section concern

compressible, inviscid flow where choking, shocks and heat and pressure

losses are experienced.

Nozzle flow was examined for choking; flow separation; stationary

shocks; and l-D influence of area change on pressure, density and
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temperature. A 2-D calculation was performed with a chamber to ambient

pressure ratio of 11.6. Table (4) compares the isentropic Mach number

and the pressure, density and temperature ratios to the area ratio for

both analytic (I-D) and numerical (2-D) results (see Figure (30)).

Conditions at the throat were found to be M = 1., pIp = 0.45, TIT =
o 0

0.90, pIP o = 0.5 which agrees within 10-20% of the 1-D analytic

solutions. The 2-D effects, although not severe, are significant

enough to be considered in future calculations.

Table (4) Isentropic 'Conditions in the Nozzle

z p U P T M
axial position

0.0 0.0150 0 11.59 117.2 0
0.2 0.0105 7515 8.04 116.6 0.228
0.4 0.0104 6411 8.25 120.1 0.191
0.6 0.0106 5352 8.58 122.9 0.159 .
0.8 0.0106 5110 8.68 124.6 0.150
1.0 0.0105 5465 8.67 124.9 0.169
1.2 0.0104 6227 8.65 125.7 0.182
1.4 0.0104 7335 8.64 125.9 0.214
1.6 0.0104 8783 8.61 126.0 0.256
1.8 0.0103 10619 8.54 126.0 0.310
2.0 0.0101 12934 8.40 125.8 0.377
2.2 0.00981 15846 8.11 125.3 0.463
2.4 0.00931 19523 7.62 124.1 0.573
2.6 0.00853 24190 6.85 121.8 0.717
2.8 0.00744 29261 5.78 117.4 0.882

throat
3.0 0.00639 33854 4.75 112.9 1.041
3.2 0.00549 37800 3.91 108.1 1.188
3.4 0.00473 41254 3.24 103.8 1.324
3.6 0.00407 44414 2.67 99.6 1.455
3.8 0.00348 47371 2.19 95.5 1.585
4.0 0.00296 50139 1.78 91.5 1.715
4.2 0.00252 52709 1.46 87.6 1.841
4.4 0.00215 55071 1.19 84.1 1.964
4.6 0.00185 57215 0.985 80.9 2.079
4.8 0.00161 58896 0.8333 78.45 2.175
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Initially, the chamber pressure is so low that separation occurs

(Figures (31) and (32)). The chamber pressure was then increased in

order to generate a normal shock in the nozzle. As the chamber pressure

is increased further, the stationary position of the shock moves toward

the aft end of the nozzle. The Rankine-Hugoniot equations were again

obeyed.

Re-entry Vehicle (RV)

A re-entry vehicle was examined under inviscid and viscous

conditions at hypersonic speeds (M = 22). Figures (33) and (34)

illustrate the bow shock and region of undisturbed flow for both the

inviscid and viscous cases. In the latter case, the influence of

viscosity is seen in the development of a laminar boundary layer on the

surface and a vortex being formed in the rear of the RV.

M-117 Warhead

The aerodynamic characteristics of an ~1-ll7 warhead were examined

under subsonic, transonic and supersonic inviscid conditions. Four

free stream Mach conditions were studied: Moo = 0.5, Moo = 0.88, Moo = 1.14

and Moo = 1.80. Figures (35) through (37) represent contours for the four

cases stated above. Figures (38) and (39) illustrate the pressure

coefficients for the subsonic and transonic cases and results are com­

pared with experiment.

3,4 Diffusion

The time dependent diffusion equation for heat conduction (energy

equation), magnetic diffusion (induction equation) and viscous transport

(momentum equation) was solved.
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Velocity Vectors

M = 22

Fig. 33
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Mach Number

Re-Entry Vehicle Inviscid Solutions
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M-117 Subsonic

Lines of Constantpressy

Fig. 35 M-117 Pressure Contours, M = 0.5
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Examining the momentum, energy and induction equations and elimi-

nating all convective (v·V) and hydrodYnamic (Vp) effects, the one-

dimensional equations reduce to:

a
--(u) =at

a
8f(T) =

(211)

(212)

o (B ) _ a (1 a (B ))at e - 8Z alJ 8Z e
p

Allowing for the diffusivities to be constant and equal to one:

~= 1._A_= 1·_1_= 1
, pC ' alJp v P

(213)

(214)

Equations (211), (212) and (213) become identical and result in similar

solutions for the same initial and boundary conditions.

For example, given a body, initially at an internal temperature of

1000K and an external (environmental) temperature of 2000K as shown in

Figure (40) it is desired to find the increase in internal temperature

as a function of time. A closed form analytic solution to Equations

(211) through (214) has been obtained for the time dependent problems

posed above. In all cases, the transient solution agreed with the

analytic results to any desired accuracy by refining the mesh and time

step. Figure (40) and Table (5) illustrate the compatibility between

the numerical results and the analytic solution. Identfcal results were

obtained by solving the momentum and induction equations with analogous

boundary conditions.
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Table (5) Comparison between Numerical and Analytic Solutions
for the Diffusion Equation.

CENTERLINE RESULTS

NUMERICAL ANALYTIC

TIME U or T or B U or T or B
sec em/sec oK gauss em/sec oK gauss

0.0 100.0 100.0
0.1 103.8 105.0
0.2 121.6 122.0
0.3 138.5 139.5
0.4 152.0 152.0
0.5 162.5 162.5
0.6 170.7 170.5
0.7 177.2 177.0
0.8 182.2 182.0
0.9 186.1 186.0
1.0 189.1 189.0

Finally, a pressure pulse was generated by disturbing the left

boundary and allowing the sound wave to propagate to the right boundary,

reflect, and return to the point of creation. Figure (41) illustrates

!,::
this wave configuration moving at sound speed = (yp!p)2or approxi-

mately 30,000 em/sec.

3.5 Elect~ic and Magnetic fields

Solution to the equations of motion for a conducting fluid requires

that the current and the magnetic and electric fields be known at every

position within the fluid. As discussed in Section (2), for high

magnetic Reynolds numbers, the current and electromagnetic fields are

computed based on the magnetic induction equation and Ohm's Law. For

flow with low magnetic Reynolds number, an electric potential or current

stream function is used to calculate the electric field and current
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distribution where the induced magnetic field is considered negli­

gible by virtue of its low magnetic ReYnolds number.

Employing the finite difference equations and boundary conditions

discussed in Section (2), several simple low magnetic Reynolds number

problems were solved using the current stream function defined by

Equation (65). Considering one electrode-pair with no Hall current, a

solution to Equation (53) was attained, using the method of Successive

Over-Relaxation. Based on this solution, the current vectors, the

current stream function, the electric potential, were calculated and are

shown in Figures (42) to (45). A calculation was performed for Hall

Parameter = 5 with results shown in Figure (46). Figure (47) depicts

the convergence of the current stream function. Finally, three electrod~

pairs (S = 2) were analyzed in the same manner and results are graph­

ically displayed in Figures (48) and (49).

Figures (50) through (53) show the transient current stream lines

when a shock wave is passing through the single electrode-pair channel.

As the shock enters the channel, an electric field is induced since the

EMF ahead and behind the shock wave are different. Eddy currents are

set up resulting from this electric field. However, the boundary

conditions of the current stream function at the channel exit (and

entrance) requires a uniform ~ across the duct. In order to satisfy

this boundary condition, a secondary current eddy is set up opposite

the principal eddy induced by the shock wave. Figure (42) shows the

undisturbed current streamlines and Figures (50) through (53) represent
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Fig. 43 One-Electrode Pair. Electric Potential Contours
and Shading Plots
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Figure 47 One-Electrode-Pair. Successive
Over-Relaxation Iteration.
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Fig. 51 Eddies in Motion with Shock Front
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Fig. 53 Restoration of Initial Stream Current Function
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different times as the shock wave passes through the channel. When

the shock wave leaves the duct, the current stream function relaxes to

its undisturbed initial state.
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IV. MODELING OF AN MHD GENERATOR

The fundamental problems associated with modeling an 11HD generator

(Figure 54) concerns the treatment of:

(1) gas dynamic effects such as shocks and boundary layers,

(2) electromagnetic effects, and

(3) the transient coupling between these two sets of fields.

In Section (3), gasdynamic and electromagnetic phenomena were examined

independently through application to problems categorized as either

strictly aerodynamic or electromagnetic in nature. The strong inter­

action between gasdynamic, viscous and electromagnetic forces will now

be examined.

Demonstration of the influence of the Lorentz force (jxB) on the

flow field and, simultaneously, the influence of velocities and viscous

shear on currents and electric fields is accomplished by investigating

the following three cases (see Figure (55»:

(A) A nozzle-generator-diffuser system with five-electrode pairs

is examined under inviscid conditions; enphasis is placed on modeling

the entire energy conversion system. The applied magnetic field is

shown in Figure (56) and design parameters are listed in Table (6).
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Figure 54 MHD Generator System
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Three Cases Modeled.

149

Figure 55 MHD Generator.
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Figure 56 Applied Magnetic Field
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TABLE 6. MAGNETOHYDRODYNAMIC GENERATOR CONDITIONS

Thermodynamic Conditions

Chamber Ambient

Pressure 5-10 atm Pressure 1 atm

Temperature 2500 o -3000 o K Temperature 270 0 K

Density 0.0005 gm/cm 3 Density 0.0013 gm/cm3

Equation of State: P pRT

Specific Heat Ratio: y 1.15

Gas Molecular Wt: MW = 21

Geometry

Nozzle

Expansion Ratio: 2

Length: 10 cm

Generator

Length: 200 cm

Height: 20 cm

Type: Faraday

151

Diffuser

Expansion Ratio: 2

Length: 10 cm

Electrodes

Length: 1.0 cm

Height: 0.2 cm

Insulation 0 4
Thickness: . cm
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(B) An MHD channel containing two electrode-pairs. Start-up is

achieved by applying an external magnetic field of strength: 2-5

Teslas and fluxing a gas of constant conductivity: 1-10 Mhos. The

creation of current (~0vB) and subsequently the pondermotive (Lorentz)

force jxB is examined as a function of time.

(C) An MHD channel containing 8-electrode pairs. The steady

state solution of currents, electric fields, ¢ and ~ under inviscid and

viscous conditions is studied. The electrical conductivity and Hall

parameter are considered functions of thermodynamic state properties

and governed by the following relations:

Q BCtesla)CPref)
~ = 2 P

(215)

(216)

The viscous boundary layer was assumed turbulent and described by an

eddy viscosity model employing the Prandtl mixing length:

T = psouoy (217)

s = A2
1

5'U\
E oy

152
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V. RESULTS OF MHD MODEL

Results of the three cases modeled in Section (4) are now described.

5.1 Case (A): Nozz1e-Generator-Diffuser
System; Inviscid Conditions

Start-up of a generator, as for a wind-tunnel, consists of a

shock moving down the channel and out the diffuser. Figure (57)

illustrates a 3-D view of the shock (Mach number) and the current stream

function. Figure (58) graphically describes: Mach contours, velocity

vectors, ~ contours and current vectors. A three-dimensional view of ~

is shown in Figure (59). Figure (60) illustrates the coupling between

gasdynamic and electromagnetic fields. The velocity vectors, current

stream function contours and a 3-D view of the current stream function

are shown at three time intervals for this three-electrode pair genera-

tor. Initially, a shock forms and moves to the exit of the nozzle just

preceding the first electrode. An eddy current forms behind this shock

(top of figure). As soon as the shock moves into the channel where the

first electrode-pair is located, currents form on all three channels and

are shorted between electrodes. As the gas flow continues, the currents

flow between anode-cathode pairs and the short is eliminated.

5.2 Case (B): MHD Channel; Start-Up

Flow in a simple two-e1ectrode-pair channel (20 em x 40 em) was

examined when operating with an applied magnetic field turned off and
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Figure 58 Transient Calculation of a Three-Electrode
Pair MHD Generator
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Figure 60 Transient Calculation of Coupled Gasdynamic and
Electromagnetic Fields. Velocity Vectors and
Current Stream Function (Contours and 3-D View).
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then on. Figures (61), (62) and (63) illustrate the results. When

the magnetic field is off, the flow reaches an unimpeded steady state

velocity of 100,000 cm/sec as would be expected since no dissipative

(inviscid, frictionless) forces exist. However, when an external

magnetic field of 2 Tesla is applied, the velocity decreases down the

channel since the pondermotive force decelerates the flow. The current

stream function ~ on the boundary was determined by integrating the

current flux across each electrode and recognizing that ~ is constant

along an insulator. Initially, the velocity was zero so no net current

flowed. As the velocity increased, the current increased. In turn,

the current produced an impeding (Lorentz) force to the flow, and the

velocity eventually reached equilibrium resulting in a steady state

current distribution.

5.3 Case (C): MaD Channel; Turbulence

A channel containing eight electrodes was studied under inviscid

and viscous (turbulent) conditions. Figures (64) and (65) contain

results for both calculations. Considering the inviscid case, first,

the current density (3) current stream function (~) and electric

potential (~) distributions are illustrated in Figures (64) and (65).

Employing a turbulent Prandtl mixing length model, the current dis­

tributions are perturbed as shown in Figure (65) for one-electrode

pair.

Further investigations of the coupling nature between gasdynamic,

viscous and electromagnetic forces is a logical extension of the brief

results presented here.
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Figure 61 MHD Generator Start Up. Current Stream Function
and Current Vectors
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Figure 64 (Continued) Three-Dimensional Views of the
Electric Potential and Current Stream Function
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Boundary Layer/One Electrode
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Figure 65 Influence of Boundary Layer on
Current Distribution
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VI. CONCLUDING REMARKS

6.1 Notes on the Code

Limitations to the numerical procedure discussed in this disserta­

tion can be categorized into the following eight groups:

Computer Time

The primary disadvantage in employing a finite difference technique

to the types of problems concerning engineers and physicists is computer

time or computational speed. Where other methods arrive at solutions

rapidly, this technique may require hours or even days. A two-dimensional

transient problem has three coordinates: two spatial and one temporal.

Given a mesh of approximately 100 cells in each direction and a calcula­

tion performed over approximately 1000 time iterations (cycles) results

in 100 x 100 x 1000 = ten million cell-cycle solutions to the conserva­

tion of mass, momentum (r and z), energy, magnetic induction or elliptic

equations. Since standard explicit finite difference routines compute

on a CDC 6600 at a rate in excess of 1 millisecond per cell per cycle,

a typical inviscid, non-MHD transient problem will require 10,000 seconds

or two or three hours of central processor time.

However, it has been found that many problems do not require the

resolution (10,000 cells) as depicted above nor must they necessarily

be carried through to 1,000 time steps. Two-dimensional problems pre­

sented in this report range from as low as one minute to as much as

three to four hours of CDC 6600 CPU time, depending on geometry,
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boundary conditions, particle velocity and the inclusion or exclusion of

viscosity, magnetic and/or electric fields. A three-dimensional

transient problem would require from 30 minutes to 200 hours. With the

inception of faster computers, the CDC computational times may be re­

duced by a factor of 5, 10 or even 50.

Since the advantages of finite difference techniques are quite

evident in that they allow for a complete, reasonably unrestricted solu­

tion to the governing conservation equations, it would be only reasonable

to expect some price to pay in return. If one, on the other hand takes

into account the diversity of problems that can be solved by just this

one procedure, as opposed to using numerous other methods or approaches,

each restrictive in their very nature, the CP time requirements becomes

a less significant handicap.

Inaccurate Haterial Properties:

Problems solved in this report all assumed a gas which could be

characterized as obeying the perfect gas law, or represented by an

equation of state which nearly describes this ideal fluid. Since, hydro­

dynamically, pressure is related to energy and density through this

equation of state, a complete breakdown in accuracy occurs when the equa­

tion of state is unreliable. Similarly, a poor viscous model (real or

eddy coefficient of viscosity) masks the influence of the viscous stress

tensor resulting in a distorted boundary layer and adjacent inviscid

flow field. The electric and magnetic fields are significantly in­

fluenced by the electrical conductivity. Severe error develops when the

conductivity is unreliable. Other material properties perturb the flow

field similarly.
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Unrefined Gri,d:

Depending on the nature of the problem as dictated by the geometry

and boundary conditions disturbing the flow, zone resolution may be so

demanding; i.e., 10,000, 50,000, 100,000 cells, etc., that a course

mesh (employing less cells) may not accurately reflect true hydrodynamic

or viscous behavior because of discretization errors (first order trun­

cation errors related to the cell size). In particular, a properly

computed boundary layer may require from ten to twenty cells across its

thickness in order for energy and momentum contributions to the entire

flow field be accurately determined. However, in order to avoid large

ratios in the cell size (a square cell yields a minimum truncation

error, whereas a rectangle of aspect ratio> 2.5 may result in numerical

distortion) the remaining inviscid flow field must be divided into cells

of the same order as in the boundary layer; thus, a fully viscous 2-D

calculation may require a grid resolution necessitating excessive com­

puter time.

~oundary' Conditions:

Unknown or poorly defined boundary conditions results in a costly

trial and error procedure where the solution corresponding to a pre­

scribed boundary condition may not be representative of the actual

physical problem at hand. Further, a commonly employed uniform flow

boundary condition may occur so far from the region of disturbance that

the grid resolution becomes unwieldy.
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Three-Dimensional Effects:

Unless a problem is planar or 2-D axisymmetric, variations in flow

properties in the third dimension may render a 2-D solution meaningless.

Continuum:

The primary assumption of this finite difference technique is that

the medium may be treated as a continuum and flow properties over a

finite discrete cell do not vary significantly. However, when the mean

free path of the fluid particle is not many orders of magnitude less

than a cell dimension, as in a rarefied gas, the numerical integration

of the conservation equations cannot be accomplished by the method

discussed in this report.

Species Composition:*

Only one species was assumed for calculations performed in this

study and thus only one equation of state was used. Considering

numerous chemical species would require further significant code develop-

ment and added complexity in tracking each species.

High Reynolds Number (Viscous Flow):

The boundary layer thickness a is related to the characteristic

body dimension by the Reynolds number. For a flat plate, Blasius com-

puted a to be approximately 5x/SQRT(Re ) where x is the distance along
x

the plate, a/x is thus inversely proportional to the square root of the

Reynolds number. For large Re (> 104 ) a/x is small and creates the

grid resolution problem of requiring 5/SQRT(Re ) axial cells for every
x

radial cell (if square cells are employed). If a grid having cells of

*Species in this case means one material and not one chemical element
or molecule.
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large aspect ratio is used, numerical distortion may be encountered.

At critical Reynolds numbers, viscous instability occurs and a turbulent

model must be used.

6.2 Summary and Conclusions

A numerical finite difference technique was developed to treat a

wide variety of problems encompassing the disciplines of aerodynamics,

gas dynamics, heat transfer, energy conversion and magnetohydrodynamics.

Results of the numerous problems attempted and presented in Sections (3)

and (5) reveal that this method has proven to be stable and accurate for

a number of interesting applications'. Major difficulties were encount­

ered when problems such as the re-entry vehicle or MHD generator

required more than 10,000 cells in order to preserve numerical accuracy.

Computer time became significant in these cases and made numerical

experimentation difficult, if not impossible. Boundary layers always

presented a severe test to limiting the grid to less than 10,000 cells

because the viscous region was usually at least an order of magnitude

less than the inviscid region and the approach of varying the cell size

through both regions created a significant risk of numerical distortion.

Consideration was given to redefining the grid system based on dimen­

sionless geometric, viscous and gas dynamic parameters, such as done by

Spalding and Patankar (Ref. 14), but this approach was considered

beyond the scope of this effort.

The versatility of this program was demonstrated by treating all

Mach regimes: transient and steady state; viscous or inviscid;

electromagnetic effects with or without Hall current and nonlinear
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material property values. The computation did not decide, a priori, the

particular regime or region in which it was calculating, but rather the

phenomena were computed as they naturally developed as governed by

physical laws which dictated their behavior.

170



AE DC-TR-77-1 05

REFERENCES

(1.) Ali-Nayfeh, Perturbation Methods, John Wiley and Sons, N.Y., 1973.

(2.) Von Neumann, J., and Richtmeyer, P. D., "A Method for the Numerical
Calculation of Hydrodynamic Shocks," September, 1949.

(3.) Richtmyer, R., and Morton, K., Difference Methods for Initial-value
Problems, Interscience Publishers, N.Y., 1957.

(4.) Lax, P., and Wendroff, B., "System of Conservation Laws," Comm. of
Pure and Appl. Mech., Vol. 13, pp. 217-237, 1960.

(5.) Evans, M. W., and Harlow, F. H., "The Particle-in-Cell Methods for
Hydrodynamic Calculations," LA-2l39, Los Alamos Scientific
Laboratory, 1957.

(6.) Johnson, W. E., "OIL a Continuous Two-Dimensional Eulerian Hydro­
dynamic Code," GAMD-5580, General Atomic Division, General
Dynamics Corporation, 1965.

(7.) Matuska, D. A., "AFWL Hydrodynamic Calculation in Two and Three
Dimensions," DNA 3570F, April, 1975.

(8.) Whitaker, W. A., Nawrocki, E. A., Needham, C. E., and Troutman, W.
W., "Theoretical Calculations of the Phenomology of HE Detona­
tions," AFWL Technical Report No. TR-66-l4l, November, 1966.

(9.) MacCormack, R. W., and Baldwin, B. S., "A Numerical Method for
Solving the Navier-Stokes Equation with Application to Shock
Boundary Layer Interactions," AIM Paper 75-1, Presented at
the AIM 13th Aerospace Sciences Meeting, Pasadena, CA.,
January 20-22, 1975.

(10.) MacCormack, R. W., AIM Paper 69-654 (1969).

(11.) Harlow, F. H., and Amsden, A. A., Fluid Dynamics, LA No. 4700,
an LASL Monograph, June, 1971.

(12.) Matuska, D. A., "High-order Difference Methods for Parabolic
Equations,1l Masters Thesis, Texas A and M, May, 1971.

(13.) Durrett, R. E., and Matuska, D. A., "The HULL Hydrodynamics
Computer Code," AFWL Technical Report No. TR-76-l83,
September, 1976.

171



AE DC-TR-77-1 05

(14. ) Patankar and Spalding, "A Finite Difference Procedure for Solving
the Equations of the Two-Dimensional Boundary Layer," Int.
Journal of Heat and Mass Transfer, Vol. 10, pp. 1389-1411,
October, 1967.

(15.) Batalova, M. V., et aI, "Proceedings of the All-Union Seminar
on Numerical Methods in the Mechanics of Viscous Fluids,"
Novosibirsk, 1969, p. 283.

(16. ) Gentry., R. A., Martin, R. E., and Daly, R. J., "An Eulerian
Differencing Method for Unsteady Compressible Flow Problems,"
J. of Compo Phys., 1.87, 1966.

(17 . ) Wilkins, M., "HEMP," UCLRL No. 7322, 1969.

(18. ) Anderson, D. A., "A Comparison of Numerical Solutions to the Inviscid
Equations of Motion," Journal of Compo Phys., No. 15, pp. 1-208,
1974.

(19. ) Srinivas, K., Guruaja) J., and Prasad, K., "An Assessment of the
Quality of Selected Finite Difference Schemes for the Time
Dependent Compressible Flow," Journal of Compo Phys., No. 20,
pp. 140-159, February, 1975.

(20. ) Taylor, T. D., and Masson, B. S., "A Study of Numerical Methods for
Solving Viscous and Inviscid Flow Problems," Journal of Compo
Phys., No.9, pp. 99-119,1972.

(21. ) Roberts, K. V., and Potter, D. E., "Magnetohydrodynamics," Methods
of Computational Physics, Vol. 9. p. 339, 1971.

(22. ) Killeen, J., "Computational Problems in Plasma Physics and Control­
led Thermonuclear Research, UCRL (Lawrence Livermore Laboratory)
Report No. 71205, July, 1968.

(23. ) Roberts, K. V., Hertweck,F., and Roberts, S. J., "THETATRON - A
Two-Dimensional MIlD Computer Program,tl Culham Laboratory Rept.
CLM-R-29, 1963.

(24. ) Freeman, J. R., and Lane, F. 0., "Initial Results from a Two­
Dimensional Lax-Wendroff Hydromagnetic Code," LASL, Rept. LA­
3990, Paper C7, 1968.

(25.) Fritzer, P., Lengel, L. L., and Witte, K. J., "Self Consistent
Calculation of the Gas Dynamic and Electrical Properties of a
Two Dimensional MIlD Flow," Engineering Aspects of Magneto­
hydrodynamics, pp. 111.7.1-111.7. , 1972.

172



AE DC-TR-77-1 05

(26.) Fajen, F. W., "Mice, An Implicit Difference Scheme for MHD
Calculations," DNA 28772, March, 1973.

(27.) Brackbill, J. U., and Pracht, W. E., "An Implicit, Almost­
Lagrangian Algorithm for Magnetohydrodynamics," J. of Compo
Phys., 13.455-487, 1973.

(28.) Stockman, H. S., "Magpie: A User's Manual," AFWL-TR-74-l20,
June, 1974.

(29.) Lindemuth, I. R., "The Alternating-Direction Implicit Numerical
Solution of Time Dependent, Two Dimensional, Two Fluid Equa­
tions," UCRL Report No. 51103, Lawrence Livermore· Laboratory,
1974.

(30.) Gubarev, A. V., et al., "Numerical Calculation of Certain Two­
Dimensional MagnetohydrodYnamic Flows in Channels," FTD-MT-24­
1743-72, 2 April, 1973.

(31. ) Ostretsov, I. N., et aI, IlIteration Method for Equations Calculating
Two-Dimensional MHD Flows," FTD-HT-23-l090-74, 22 Octol>er, 1974.

(32.) Bakrakh, S. M., and Gubkov, E. V., "Splitting Method for the
Calculation of Two-Dimensional Magnetohydrodynamic Flows,"
UDC 5l8.LU:533.95:538.4 or Magnitnaya Gidrodinamika, pp. 9-15,
Apr.-June, 1975.

(33. ) Rossow, V. J., "Flow of an Electrically Conducting Fluid over a
Flat Plate in the Presence of a Transverse Magnetic Field,"
NASA Report No. 1358, 1958.

(34. ) Bush, W. B., "The Stagnation-Point Boundary Layer in the Presence
of an Applied Magnetic Fluid," J. Aerospace Science, Vol. 28,
No.8, pp. 610-611, 630, August 1961.

(35. ) Bush, W. B., "Compressible Flat Plate Boundary Layer Flow with an
Applied Magnetic Field," J. Aero/Space Science, Vol. 27,
No.1, pp. 49-58, January 1959.

(36. ) Sherman, A., "Viscous MHD Boundary Layer," Physics of Fluids,
Vol. 4, No. 58, May, 1961.

(37. ) Sears, W. R., "On a Boundary-layer Phenomenon in MFD," Astronaut,
Acta: 7: 223-36, March, 1961.

(38.) Hunter, L. G., and Wu, Y. C. L., "Non-similar }ffiD Boundary Layers
on Insulating Walls," AIM Paper No. 69-46, AIM 7th Aero­
space Sciences Meeting, January, 1969.

173



AEDC-TR-77-105

(39.) Taylor, R. W., Wu, Y. C. L., and Denzel, D. L., "Effects of Boundary
Layers upon Current Distribution and Internal Resistance in
Segmented Magnetohydrodynamics Channels," J. Appl. Phys. 42.7,
June, 1971.

(40.) High and Felderman, "Turbulent MIlD Boundary Layers with Electron
Thermal Non-equilibrium and Finite Rate Ionization," AIAA
Journal, Vol. 10, No.1, January, 1972.

(41.) Dix, D. M., "The MIlD Flow Past a Non-conducting Flat Plate in the
Presence of a Transverse Magnetic Field," J. Fluid Mech.,
Vol. 15, Part 3, p. 449, March 1963.

(42.) Dukowicz, J. K., "The Flat Plate MIlD Boundary Layer in a Transverse
Magnetic Field," University of Toronto UTIAS Technical Note

. No. 68, AFOSR 67-0004, January, 1967.

(43.) Monis, S. J., Eustis, R. H., Kruger, C. H., and Self, S. A.,
"Calculation and Measurement of MHD Generator Boundary Layer
Velocity Profiles," Engineering Aspects of MIlD, Proceedings
of the 13th Symposium, March, 1973.

(44.) Doss, E. D., Dwyer, H. A., and Hoffman, M. A., "Influence of Segment­
ation and Ambipolar Diffusion on MHD Non-Equilibrium Boundary
Layers," AIAA Journal, Vol. 128, No.2, February, 1974.

(45.) Derkach, P. K., and Zhigula, T. I., "Boundary Layer in Longi-tudinal
Flow over a Long Cylinder in a Radial Magnetic Field,"
Magneto-Hydrodynamics (Russian), UDC Report No. 538.4, November,
1973.

(46.) Demetriades, Argyropoulos, G. S., and Maxwell, C. D., "Progress in
Analytic Modelling of MHD Power Generators," pp. 1.4.1-1.4.5,
Eng. Asp. of MHD, Argonne, 1972.

(47.) Hurwitz, H., Jr., Kilb., R. W., and Sutton, G. W., "Influence of
Tensor Conductivity on Current Distribution in an MHD Generator,"
J. Appl. Phys., 32, 205, 1961.

(48.) Sutton, G. W., "End Losses in Magnetohydrodynamic Channels with
Tensor Electrical Conductivity and Segmented Electrodes."
J. Appl. Phys. 34, No.2, 1963.

(49.) Fishman, F., "Effects of Electrode Nonuniformities along the Magnetic
Field in MHD Generators," AVCO-Everett Research Report 179,
1963.

(50.) Podolsky, B., and Sherman, F. S., "Influence of Tensor Conductivity
on End Currents in Cross Field MHD Channels with Skewed
Electrodes," J. Appl. Phys., 33, No.4, 1962.

174



AEDC-TR-77-105

(51.) Schultz-Grunow, F., and Denzel, D. L., "Evaluation of the Per­
formance Characteristics of a Faraday Generator," Engineering
Developments in Energy Conversion, ASME, New York, 1965.

(52.) Dzung, L., "The Magnetohydrodynamic Generator with Hall Effect
at the Duct Ends," Brown Boveri Review, 49, 6, 1962.

(53.) Sherman, A., "Nonequilibrium Ionization in Magnetohydrodynamic
Channel Flow with Finite Segmented Electrodes," General
Electric Missile and Space Division Report R66SD3, January,
1966.

(54.) Poberezhskii, L. P., and Yakhot, A. D., "Calculation of the
Electrical Field in the Channel of an MHD Generator with a
Hall Effect by the Method of Images of Vortex-source Combina­
tions," Magnitnaya Gidrodinamika, No.4, pp. 102-110,
Oct.-Dec., 1973.

(55.) Crown, J. C., "Analysis of Magnetohydrodynamic Generators Having
Segmented Electrodes and Anisotropic Conductivity," United
Aircraft Corporation Report R-1852-2, 1961.

(56.) Celinski, Z. N., and Fischer, F. W., "Effect of Electrode Size
in }fH.D Generators with Segmented Electrodes," AIM J, 4,
No.3, 1966.

(57.) Louis, J. F., Lothrop, J., and Brogan, T. R., "Fluid Dynamic Studies
with MHD Generators," Physics of Fluids, Vol. 7, No.3,
p. 392. May, 1964.

(58.) Oliver, D. A., Stanford Unviersity Institute for Plasma Research
Report No. 163, Stanford, Calif., 1967 (unpublished).

(59.) Greifinger, C., and Cole, J. D., "On Cylindrical MHD Shock Waves,"
Physics of Fluids, Vol. 4, No.5, May, 1961.

(60.) Natter, Manfred, "Shock Reflexion and Shock-wave Interaction in
Field Aligned Flows," Plasma Physics, Vol. 14, Part 1,
pp. 39-51, 1975.

(61.) Chu, C. K., and Taussig, R. T., "Numerical Experiments of Magneto­
hydrodynamic Shocks and the Stability of Switch-on Shocks,"
Physics of Fluids, Vol. 10, No.2, February 1967.

(62.) Sutton, G. W., and Sherman, A., Engineering Magnetohydrodynamics,
McGraw Hill, 1965.

(63.) Shank, C., and Morse, R., "Two-Dimensional Simulation of Shock
Waves of Collisionless Plasmas," N69-3355l, 1969.

175



AEDC-TR-77-105

(64.) Resler, E. L., and Sears, W. R., "The Prospects for Magneto­
aerodynamics," Journal of Aero. Sci., April, 1958.

(65.) Ziemer, R. W., "Experimental Investigations in Magneto­
Aerodynamics," ARS Journal, Vol. 29, No.9, p. 642, Sep­
tember, 1959.

(66.) Sutton, G. W., "MHD Channel Flow of a Perfect Gas for the Genera­
tion of Electrical Power," General Electric Report No.
R595D473, December, 1959.

(67.) Swift-Hook, D. T., "The Constant Temperature MHD Generator,"
Advances in MHD, Mcgrath, Siddall and Thring, 1963.

(68.) Wilson, D. R., Clouse, C. E., and Schactzle, W. J., "Development
of a Computer Program for the Analysis of One-Dimensional
Magnetohydrodynamic Flow Problems," AEDC-TDR-63-2l5,
January, 1964.

(69.) Zampaglione, V., "Choking Due to Lorentz Force in MHD Generators,"
Energy Convers., 14: No. 3-4, 117-21, July 1975.

(70.) Chubb, D. L., "Fully Ionized Quasi-One-Dimensional Magnetic Nozzle
Flow," AIAA J., Vol. 10, No.2, February, 1972.

(71.) Neuringer, J. L., "Optimum Power Generation From a Moving Plasma,"
J. Fluid Mech., 7, Pt 2: 287-301, February, 1960.

(72.) Brocher, E. G., "Constant Velocity MHD Generator with Variable
Electrical Conductivity," Journal of Aero. Sci., May, 1962.

(73.) Blecher, S., "Theoretical Performance Analysis of a Constant
Velocity MHD Generator for Combustion Pr~ducts of Hydrocarbon
and Air," General Electric, 1961.

(74.) Ralph, J. C., and Harwell, A., "Optimum Mach Number in the Direct
Current MHD Generator," Advances in MHD, Mcgrath, Siddall
and Thring, 1963.

(75.) Sonnerup, B., "Some Effects of Tensor Conductivity in MHD,1l
J. Aero/Space Sci., 28: 612-21, 643-4, August, 1961.

(76.) Roy, G. D., and Wu, Y. C. L., "Study of Pressure Distribution along
Supersonic MHD Generator Channel," AIAA Paper No. 74-058,
Seventh Fluid and Plasma Dynamics Conference, June, 1974.

176



AEDC-TR-77-105

(77.) Sherman, A., and Sutton, G. W., "The Combined Effects of Tensor
Conductivity and Viscosity on the MHD Generator with
Segmented Electrodes," MIlD Fourth Bicentennial Gas Dynamics
Symposium, Cambel, Anderson and Slawsky, 1961.

(78.) Demetriades, , S. T., and Ziemer, R. W., "Energy Transfer to Plasmas
by Continuous Lorentz Forces," MIlD Fourth Bicentennial Gas
Dynamics Symposium, 1961.

(79.) Doss, E. ,D., Argyropoulos, G. S., and Demetriades, S. T., "Influence
of Hall Currents on Flow Separation and Assymetry in MHD
Channels," AIM Paper No. 74-509, Seventh Fluid and Plasma
Dynamics Conference, June, 1974.

(80.) Sonju, O. K., and Teno, J., "Further Analytic Investigationsi of
MIlD Generator Performance," pp. 11.3.1-11.3.8, Eng. Asp. of
MHD, Argonne, 1972.

(81.) Sonju, O. K., and Teno, J., "A Two-megawatt High Performance Com­
bustion Driven MHD Generator Experiment," pp. 11.7.1-11.7.4,
Eng. Asp. of MHD, Argonne, 1972.

(82.) Doss, E. D., Argyropoulos, G. S., and Demetriades, S. T., "Two­
Dimensional Flow inside MHD Ducts with Transverse Asymetries,"
AIM Journal, Vol. 13, No.5, May, 1975.

(83.) Doss, E. D., and Curry, B. P., "Studies of the Three-Dimensional
Coupled Flow between the Electrode and Side Walls of MHD
Channels," AIM Paper No. 76-311, July, 1976.

(84.) Eustis, R. H., Kruger, C. H., and Mitchner, M., "Investigations of
Decrease Losses in MIlD Generators," Stanford Report No. SUIPR
454, February, 1972.

(85.) Eustis, R. H., Kruger, C. H., and Mitchner, M., "Boundary Phenomenon
in MHD Generators," AFOSR-68-0859, February, 1968.

(86.) Eustis, R. H., "Non-Equilibrium Phenomenon in Flowing Plasmas,"
Stanford Report No. AD-760792, March, 1973.

(87 .) Eustis, R. H., Kruger, C. H., and Mitchner .. M., "Non-equilibrium
Phenomenon in Flowing Plasmas for HHD Power Generation and
Propulsion Systems," Air Force Office of Scientific Research
Technical Report No. TR-72-l295, May, 1972.

(88.) Forsythe, G., and Wasow, W., Finite Difference Methods for Partial
Differential Equations. John Wiley and Sons, 1960.

177



AE DC-TR-77-1 05

(89.) Liepmann, H., and Roshko, A., Elements of Gasdynamics; John Wiley
and Sons, Inc., N. Y., 1957.

(90.) Henderson and Lozzi, "Experiments on Transition of Mach Reflection,"
Journal of Fluid Mech., Vol. 68, pp. 139-145, 1975.

(91.) Schueyer, G., "Numerical Simulation of Regular and Mach Reflections,"
Phys. of Fluids, Vol. 18, pp. 1119, 1124, September, 1975.

(92.) Auld, D. J., and Bird, G. A., "The Transition from Regular to Mach
Reflection," AIM Paper No. 76-322, July, 1976.

(93.) Chang, I., and Chow, W. L., "Mach Disk from Underexpanded Axisymmetric
Nozzle Flow," AIM Journal, Vol. 12, No.8, pp. 1079, 1082,
August, 1974.

(94.) Schlicting, H., Boundary Layer Theory, McGraw-Hill, N. Y., 1960.

(95.) Lindemuth, I. R., "Conservation Form in Computational MIlD,"
Journal of Compo Phys., No. 18, pp. 119-131, January, 1975.

(96.) Lorrain, P., and Corson, D., Electromagnetic Fields and Waves,
w. H. Freeman and Co., N. Y.,. 1970.

(97.) Hirt, C. W., "Heuristic Stability Theory for Finite Difference
Equations," Journal of Compo Phys., Vol. 28, pp. 339-355,
1968.

(98.) Miller, K., An Introduction to the Calculus of Finite Differencing
and Differential Equations, Henry Holt and Co., 1960.

(99.) Henrici, P., Error Propagation for Difference Methods, SIAM Series,
J. Wiley and Sons, 1963.

(100.) Goldburg, S., Introduction to Differential Equations, J. Wiley and
Sons, 1958.

(101.) Stratton, J. A., Electromagnetic Theory, McGraw-Hill, 1941.

(102.) Bird, R. B., Stewart, W. E., and Lightfoot, E. N., Transport
Phenomena, John Wiley and Sons, 1960.

(103.) Boa-Teh-Chu, "Thermodynamics of Electrically Conducting Fluids,"
Physics of Fluids, Vol. 2, No.5, September, 1959.

(104.) Hughes, W.F., ann Brighton, J. A., Theory and Problems of Fluid
Dynamics, Shaum's Outline Series, 1967.

178



AE DC-TR-77-1 05

(105.) Khait, V. D., "Rayleigh-Taylor Instability Introduced by Electro­
Magnetic Forces," MHD (Russian), UDC No. 538.48, August, 1973.

(106.) Dicks, J. B., et aI, "MHD Direct Energy Conversion," UTSI 13th
Quarterly Report, October, 1974.

(107.) Cambel, A. B., Plasma Physi.cs and Magnetofluidmechanics, McGraw­
Hill, 1963.

(108.) Book, A. L., Ott, E., and Sutton, A. L., "Rayleigh-Taylor In­
stability in Shallow Water Approximation," NRL, SAl, January,
1973.

(109.) Harlow, F. H., and Welch, J. E., "Numerical Study of Large-Amplitude
Free Surface Motions," Physics of Fluids, Vol. 9, No. 842, 1966.

(110.) Daly, B. J., "Numerical Study of Two Fluid Rayleigh-Taylor In­
stability," Physics of Fluids, Vol. 10, No.2, February, 1967.

(Ill. ) Chang, I., and Chow, W. L., "Mach Disk from Underexpanded Nozzle
Flow,1f AIM Journal, Vol. 12, No.8, August, 1974.

(112. ) Heighway, J. E., and Nichols, L. D., "Brayton Cycle MHD Power
Generation with Non-Equilibrium Conductivity," NASA Technical
Note D-265l, February, 1965.

~13.) Sutton, G. W., and Sherman, A., Engineering Magnetohydrodynamics,
McGraw-Hill, N. Y., 1965.

(114. ) Rosa, R., and Klepeis, J., "Experimental Studies of Strong Hall
Effects and VXB Induced Ionization," AVCO Research Laboratory
Report No. 177, 1964.

(115. ) Argyropoulos, Casteel, M. A., and Demetriades, S. T., "Current
Distribution in Cross Field Accelerators," AEDC-TR-70-86,
March, 1970.

(116.) Doss, E. D., Dwyer, H. A., and Hoffman, M. A., "MHD Boundary Layer
on a Segmented Electrode-wall of Non-Equilibrium Generator,"
Engineering Aspects of MHD, Proceedings of the 13th Sym­
posium, March, 1973.

179



APPENDIX A

PAST WORK

181

AE DC-T R-77-1 05



AE DC-TR -77-105

The predecessor to the hydrocode developed in this dissertation

was the HULL hydrodynamics computer code. The objectives and chrono­

logical history of HULL as reported in Reference 13 will be briefly

outlined below.

The HULL code is a development of the Air Force Weapons Laboratory

(AFWL), Kirtland AFB, New Mexico for the theoretical investigation of

hydrodynamic phenomena of interest to the USAF. The principal architect

of the sophisticated computer logic was Richard E. Durrett. The

calculations represent numerical solutions to the inviscid, non-conduct­

ing equations of mass, momentum and energy conservation and are

performed in an explicit time scheme in an Eulerian reference coordinate

system. In order to maintain numerical stability, especially in regions

of severe velocity gradients, calculations were performed in two phases,

the first, computing a second order accurate Lagrangian integration and

the second, fluxing mass, momentum and energy in order to retain the

initial grid position; this fluxing procedure is tantamount to re-zoning.

Although the latest version of HULL is vastly superior to the

abridged version developed for this research, only the 2-D numerical

technique for a single material perfect gas was used. The complex HULL

architecture and sophisticated operating philosophy was not employed.

HULL is written in higher-level language and generates Control Data

Corporation extended Fortran and assembly language routines. The HULL

code in its 97th version treats multi-materials, three equations of

state, equilibrium radiation diffusion and strength.
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The evolution of HULL began in 1955 with the development of PIC

(Particle In Cell) by Harlow. In the 1960's, W. E. Johnson authored

an Eulerian version of SHELL which employed the two phase scheme of

PIC. However, Phase I was numerically unstable until Matuska, in 1970,

time and space centered calculations and thus evolved the HULL

technique.

The conservation of mass, momentum and energy (Equations (A.l)

through (A.4) supplemented with an equation of state are solved by a

fully first-order accurate method developed by Matuska:
o -+-
8t(p)+Ve(pv) = 0

d -+- -+-
Pcrt(v) - Vp+pg

d -+- -+--+-
Pdt(e) = -Ve(pv)+pveg

i = (p,p)

(A. I)

(A.2)

(A.3)

(A.4)

Equations (A.2) and (A.3) are solved in phase I for v and e (y =

constant). The integration is time and space centered which is vital to

the stability of this computation. If the cell size is square and con-

stant throughout the mesh, the solution of these equations will complete

a first-order accurate Lagrangian calculation. Equation (A.l) is

solved in phase II based on the updated values of e and v in phase I.

The original coordinates are displaced by an amount equal to the

velocity x time step. Next, by computing an appropriate amount of mass

that is to be transported from cell to cell, the displaced coordinates

are returned to their original positions. In addition to the mass
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transported, an amount of momentum and energy is carried along analogous

to the convection processes of mass, momentum and energy (see Figure

(7)). This is the classical donor cell differencing technique.

Redefining the coordinates to their original values, a somewhat less

than rigid interpretation of the difference in Lagrangian and Eulerian

derivatives would relate the convective terms in the Eulerian deriva­

tives to the amount of fluxing. For example if the new coordinate

points were not arbitrarily restored to their original values, then

the amount of fluxing would differ from the convective terms appearing

in Equation (A.I) through (A.3) Lindemuth (95) discussed the problems

of a fixed or Eulerian space mesh where the convective terms are

difficult to center in space and time in the explicit calculation and

lead to instabilities or fictitious second order diffusion terms

also pointed out by Richtmyer (3). The fluxing procedure described

above avoids these two major shortcomings which are inherent in other

Eulerian codes. Lindemuth further states the alternative of using

a Lagrangian mesh but points out the awkwardness (instability) of

the calculation as the mesh becomes greatly distorted. By proper

rezoning of this mesh and conserving mass, momentum and energy,

the calculation may remain stable. There are methods which retain

their distinctive Lagrangian nature by not necessarily rezoning

back to the original Eulerian coordinate system; they, however,

may suffer either from non-conservation of mass, momentum and
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energy or generation of significant non-physical internal energy (and

subsequent diminishing kinetic energy) destroying the true physical

conditions of the problem.

In performing the fluxing across cell boundaries, mass momentum

and total energy are conserved. By examination of Equations (A.l) to

(A.3), it is impossible to conserve the quantities of mass, momentum

total energy and kinetic energy simultaneously. Kinetic energy is

artificially dissipated representing a source of entropy production,

especially in regions of large velocity gradients such as near shocks.

This implicit viscous dissipation is inherent in all numerical schemes

although other programs contain it in the form of an explicit artifi-

cial viscosity second order derivative.

As outlined in Section (1), the integration of time derivatives

of the fluid properties density, velocity and energy, is performed in

two phases. The Lagrangian derivative "d/dT" is computed in phase I;

the convective or advective terms are computed in phase II; and the

combination of both phases results in a first order accurate Eulerian

integration. Space and time derivatives employ central differencing,

whereas with time marching in the forward direction.*

Consider the fluid properties known at cycle (n), the method for

updating these fluid property values at cycle (n+l) is summarized as

follows: At some time ten) and at cell (i,j), density, radial and

axial velocity and energy are known throughout the entire grid. At a

*Time variation of the electric and magnetic fields as well as thermal
diffusion (all not included in HULL) is computed between phase I and
II and employs the updated velocities and energy computed in the
first phase.
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later time t(n+l), where t(n+l) = ten) + ~t (see Section (1.3)), the new

values of the fluid properties are to be computed.

In order to time and space center calculations, values at the cell

interfaces, such as pressure, density and velocity, are computed at

t+~t/2 (t(n+l/2)) and used in the Lagrangian integration. Employing

i' and jl indices to indicate new coordinate positions resulting from

the Lagrangian integration, the axial and radial velocity and the

internal energy are computed at (n+l)based on values of p,p,u,v,(J,B)

and e predicted at cell interfaces.

The next step in the Lagrangian scheme would normally be that of

transporting me6h vertices. However, to maintain an Eulerian integra­

tion and thus retain the original mesh configuration, the fluxing of

hydrodynamic quantities is performed. This fluxing is tantamount to

"rezoning" the displaced coordinates back to their original positions.

After fluxing is performed and mass, momentum and energy (and magnetic

induction) is convected, the displaced coordinates i', j' are returned

to their original positions i,j. The amount of fluxing is determined

by the velocities of the donor cells and the time interval over which

the fluxing procedure occurs.

In conclusion, the HULL code was developed to treat high explosive

detonation and nuclear blast phenomena. The equations and numerical

formulation could have then just as easily been applied to the numerous

aerodynamic and fluid mechanic problems confronting the aerospace

engineer. Since 1965, however, other individuals have performed

Eulerian and Lagrangian calculations in this field with varying degrees
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of success, depending on the stability and convergence of the method

used. It is precisely the unique nature of HULL (two phases:

Lagrantian/rezone) which enables this method to treat the most severe

flow fields in a stable and accurate manner. Finally the dozen or so

individuals who spent many years and tens of thousands of CDC 6600 CPU

hours developing the HULL hydrocode bears witness to the fact that

development of a procedure for solving the conservation equations is,

at best, an evolutionary process encompassing the efforts of many.
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B.l Time Rate of Change of Pressure

Employing a perfect gas equation of state, the internal energy,

conservation of mass and rate of change of internal energy become:

i = _1_ 0 .£
y-l p

cS -+
ot(p) = -pVov

(B.l)

(B.2)

4t(i) (B.3)

Differenting Equation (B.l)

cS _ 1 cS P cS
(y-l)8T(i) - P Jt(p) -P-i8t(P)

(B.4)

Substituting Equation (B.4) and (B.2) into (B.3) and collecting terms

-r-r
cS -+ JOJ - +
8f(p) = -ypVov+(y-l)[-0- -(T:VV)-(Voq)]

which represents the change in pressure as a function of time.

B.2 Electrical Boundary Conditions

The relationships between current and electric fields:

(j

j~, = ----2(E -BE)
k, 1 +B z r

(j
jr = ----2(E +BEz)

l+B r

(B.5)

(B.6)

(B.7)

is derived by expanding

E =
z

E =
r

j +Bj
z r

(j

j -Bjr z
(j

(B.8)

(B.9)
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The electrical field components are measured in a coordinate system

moving with a velocity v.

Boundary conditions for a multi-electrode system in terms of either

- -
¢ or ~ follows (Fig. 66). Ideal electrodes (E=O) and insulators (j=O)

are assumed.

Stream Current Function Boundary Conditions

For a stream function ~

j z = ~r en j r
8

---(~)8z
(B.II)

(A) conductors:

\..:.1" .

E =0z

j + S' = 0. z J r (B.12)

(B.13)

(B) insulators: jr 0

or ~ = constant.

Referring to Figure (66)

.L(~)8z o (B.14)

8
~2 = ~ + --8(~)~z = ~ -J' ~z = ~ +1

1 z 1 r 1 r (B. IS)

where j is the net current in the radial direction flowing in the
r

electrode-insulator pair. Similarly,

~4 = ~3+1r

8
~3 = ~l+ 8r(~)~r = ~l+vz

~ = ~ +1 = ~ +1 +1
4 2 z 1 r z
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Electric Potential Boundary Conditions

(B.19)

(A) conductors: Ez = 0 or ¢ = constant

(B.20)

¢ +,0,¢
I z ¢ +V

I z (B.21)

(B) insulators: Jr 0

o 0or (¢) = -S-gz(¢)

Thus, for a Faraday generator

equals the net current through the adjacent electrode.

For a Hall generator

(B.22)

(B.23)

(B.24)

where 6V equals the voltage drop between the anode and cathode.
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APPENDIX C

This appendix discusses the FORTRAN-IV computer program which gen­
erated the calculations presented in this report. Included are:

C.l

C.2

C.3

C.4

C.5

C.6

C.7

C.B

Program Flow Chart

Description of Program Routines

Description of FORTRAN Symbols

Discussion of Input, Output and Graphics

Test Cases

Program Suggestions and Diagnostics

Hull Difference Method Minority Report

FORTRAN IV Listing

Figure C.l contains a flow chart of the program. Two overlays are
employed, the first containing the numerics and the second, the plotting.

The core requirements are dictated by the size of arrays used in
the labeled common block "CARRAY." For a 50 x 150 grid, the IBM-370
central memory requirement is 512K and the CDC 6600 is 260K. Reducing
the grid to 30 x 75 reduces the core requirements to approximately 300K
and l20K, respectively.

Each overlay is composed of approximately 3000 FORTRAN $tatements
or a total of 3 boxes of cards for the complete source program.

TAPE AND DISK UNITS

UNIT

5 Card input

6 Print output

14 Plot data written by subroutine GRAPH and read by subroutine
~ GRID

15 Restart tape for dumping variables at cycle n (Subroutine
OUTPUT) and reading in later (Subroutine INPUT) to restart
at cycle n+l.

C.2 DESCRIPTION OF PROGRAM ROUTINES

This section discusses the routines contained in the computer code.
The program consists of the following subroutine and functions:

MAIN

DRIVER

- calls either hydro or plot routines

- hydro exec routine
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INPUT

JSWEEP

HULLPl

TMESTP

HULLP2

OUTPUT

DIGPLT

PRTPLT

AUXILIARY ROUTINES

BETA

SIG

RGAS

CV

CP

GAMM

COND

VIS

EDDY

OVERLAY 1 (COMPUTATION)

Figure C.l Flow Chart
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OVERLAY 2 (PLOT)
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Figure C.l Continued
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INPUT

GEOM

MATER

HULLPI

HULLP2

TMESTP

BOUND

SPEC

OBLQUE

EFIELD

BNDPOT

PLATE

CURRNT

CUR

DFSN

TEMDIF

KSWEEP

JSWEEP

TRID

VIS

EDDY

GAMM

SIG

BETA

CV

CP

RGAS

COND

OUTPUT

GRAPH

DIGPLT

PRTPLT

- reads hydro input

- sets up grid

- defines material properties (presently a dummy routine)

- performs hydro phase I

- performs hydro phase II

- computes time step

- sets up boundary conditions

- .assigns special values to variables and arrays

- determines oblique boundary conditions

- performs SOR integration

- defines electrical boundary conditions

- defines electrode and insulator cells

- computes currents and electric fields

- computes radial current entering or leaving each electrode

- explicit solution of magnetic induction equation

- defines linear matrix for thermal diffusion

- implicit K sweep solution

- implicit J sweep solution

- sets-up tri-diagonal matrix for SOR or AnI

- laminar viscosity function

- turbulent eddy viscosity function

- specific heat ratio function

- electrical conductivity function

- Hall parameter

- specific heat at constant volume function

- specific heat at constant pressure function

- gas constant function

- thermal conductivity function

- writes output

- stores plot data

- prints digital plot

- generates digital plot
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WITH AUXILLARY PLOT ROUTINES:

PLOTTE

RDPLT

SETGRD

LABPLT

GRIDS

TRUN

SHADE

NXVOSB

PARTCL

CELL

ARROW

LEVEL }POINT
DRAW

THREED }PLOT3D
FRAMER

- plot exec routine

- reads plot input

- sets up grid axis and labels

- generates time history or spatial distributions

- plots grids

- truncates axis coordinate values

- shades grids

- scales plot array

- depicts tracer particles

- locates cell (I,J) corresponding to a set of coordinates

- draws arrows

- contour plot package

- three dimensional plot package

PLOT AND AUXILIARY ROUTINES

Stromberg-Carlson 4020

FRAMEV

LINEV

PLOTV

PRINTV

RITSTV

CHSIZV

DXDYV

CALCOMP

CALCMP

PLOT

LINE

SYMBOL

- advances frame

- draws line

- plots symbol

- plots letter

controls letter spacing

controls character size

- scale routine

- executes numerous plot commands

- moves pen (in up or down position)

- connects an array of points

- plots a string of symbols
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NUMBER - plots a number

GSIZE - calls for specific pen and paper

SECOND - gives cp time in seconds
(CDC 6600)

TIMER - gives cp time in seconds
(IBM 370)

1st OVERLAY

Referring to Figure C.l, main calls DRIVER which serves as the
executive routine. Initially INPUT, GEOM, and BOUND are called to set
up initial and boundary conditions and grid network. DRIVER then calls
the hydrodynamic subroutines: HULLPI (phase I), HULLP2 (phase II),
electromagnetic routines, EFIELD, thermal and magnetic diffusion routines:
TEMDIF and DFSN, time-step calculation, TMESTP and the output routines:
OUTPUT, DIGPLT, ·PRTPLT, and GRAPH (plot data).

Boundary conditions (BOUND) are defined as fixed, reflective or
transmissive for each of the four boundaries. OBLQUE treats the curvature
of oblique boundaries intersecting cells. Subroutine SPEC assigns
special values to hydrodynamic or electromagnetic every cycle and BNDPOT
assigns the electric potential or current stream function to electrodes
and insulators. PLATE identifies the anode-cathode pairs.

Subroutine HULLPl integrates the equations of motion in a Lagrangian
reference frame. Subroutine HULLP2 transports mass employing the "donor­
receivor" technique. The electromagnetic calculation is performed by
EFIELD which solves the elliptic partial differential equation for the
electric potential or current stream function. The method of Successive­
Over-Relaxation was employed. If the time-dependent magnetic induction
equation is solved, DFSN is called. Viscous effects are computed in
HULLPl employing the functions VIS or EDDY describing viscosity. Sub­
routine TEMDIF solves implicitly, the time-dependent heat conduction term
(energy equation) by alternating directions in sweeping the grid: KSWEEP
and JSWEEP. Subroutine TRID solves the tri-diagonal matrix formed.

Functions VIS, EDDY, GAMM, SIG, BETA, CV, CP, RGAS and COND compute
properties at cell i,j based on the temperature, pressure, etc., at that
cell.

2nd OVERLAY

Subroutine PLOTTE calls RDPLT for data input, sets up appropriate
arrays for plotting time histories or spatial distributions or call GRIDS
for contour, shading or 3-D plots. Subroutine SETGRD sets up the labeled
axis. LABPLT draws the curves representing time history or spatial dis­
tributions of certain variables. GRIDS draws lines connecting nodal points
and sets up data for vector, contour shade, 3-D and particle (tracer) plots.
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NXVOSB is a scale routine which determines the location of points to be
plotted. TRUN truncates a number to be used in labelling an axis.
ARROW draws the head of vectors. PARTCL generates tracer particle and
stores the particle trajectory data whereas CELL identifies the location
of the tracer particle. Subroutines LEVEL, POINT and DRAW draw contour
maps whereas subroutines THREED, PLOT3D and FRAMER construct 3-D plots.
PLTMTX and PLT3Dl represent an alternate 3-D plot package. The contour
plot package was developed by ARO, Inc., Arnold AFS, TN, whereas the 3-D
plot packages were developed by the University of Texas and AEDC, Eglin
AFB, FL.

C.3 DESCRIPTION OF FORTRAN SYMBOLS

This section contains a list of major FORTRAN sYmbols other than
those to be discussed in the input section (C.4).

BO

BPRES

BR

BZ

CMACH

CMPR

COND

CV

DANGLE

DELTA

DR

DEVU

DEVV

DT

DZ

E

ER

EZ

GR

GZ

INT

IOBK

- theta magnetic induction

- magnetic pressure

- radial magnetic induction

- axial magnetic induction

- Mach number

- cell compressive energy

- thermal conductivity

- specific heat at constant volume

- angle of oblique boundary

- angle of oblique boundary

- radial dimension of cell

- axial velocity change due to deviatoric stress

- radial velocity change due to deviatoric stress

- time step

- axial dimension of cell

- energy/unit mass

- radial electric field

- axial electric field

- radial gravitation (set = 0)

- axial gravitation (set = 0)

- oblique boundary indicator

- oblique boundary indicator
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JR

JZ

NCONV

NMAGN

NTHRM

NVISC

M

MIJ

P

PERM

PHI

R

RIMH

RIPH

RIP3H

RDIST

RGAS

RHO

SIG

SPHU

SPHV

T

TEMP

THETA

TOO

TRR

TRZ

TZZ

U

V

VISC

Z

- radial current

- axial current

- convection time counter

- magnetic time counter

- heat conduction time counter

- viscous time counter

- mass (new)

- mass (old)

- pressure

- permeability

- electric potential

- radial position of cell

- radial position at I - 1/2

- radial position at I + 1/2

- radial position at I + 3/2

- radial position of oblique boundary

- gas constant

- density

- electrical conductivity

- axial velocity change due to pressure

- radial velocity change due to pressure

- time

- temperature

- angle of velocity vector

- azimuthal stress

- radial stress

- shear

- axial stress

- axial velocity

- radial velocity

- viscosity

- axial position of cell
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C.4 DISCUSSION OF INPUT, OUTPU~, AND GRAPHICS

Card input with FORTRAN symbols and format is defined below. Ex­
amples follow later in this report.

INPUT (HYDRO)

UNITS G(GM) , C(CM) , S(SEC), E(ERG), GA(GAUSS), P(POISE), O(OHM),
M(METER), K(DEG K), A(ATM), D(DYNES), V(VOLTS) , AC(ABCOULOMB)

CARD ONE (15A4)

TITLE

CARD TWO

1-60

(1615)

TITLE IDENTIFICATION

KMAX

JMAX

IAXI

IPTSF

1- 5

6-10

11-15

16-20

number of cells in radial direction

number of cells in axial direction

(0) cartesian, (1) cylindrical coordinates

(1) current stream function, (2) electric
potential

1

reflective( -1)transmissive,( 1)

boundary conditions (0) fixed 32D4
for bottom, left, top, right boundaries

(0) no oblique boundary, (1) top oblique,
(2) top and bottom oblique

(0) no plot tape, (1) plot tape

type calculation: (viscous, EMF)

(-1) write restart tape, (+1) read restart tape

(0) no obliq bdry, (+1) oblq bdry, (-1) no slip

(0) no emf, (N) every Nth cycle, the potential
or stream function is solved for.

21-25

26-30

31-35

36-40

41-45

46-50

51-55

56-60

61-65

66-70

ISYM( 1)

ISYM(2)

ISYM(3)

ISYM(4)

NVECT

NPDIM

MCALC*

IOBQ

IPOT

*The program was designed to eliminate the viscous or electromagnetic
logic by selecting MCALC accordingly:

0 INVISCID }1 LAMINAR
2 TURBULENT

3 INVISCID } MAGNETIC
4 LAMINAR INDUCTION
5 TURBULENT
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6 INVISCID )
7 LAMINAR 5\
8 TURBULENT

ELECTRIC POTENTIAL
OR

CURRENT STREAM FUNCTION

A viscous or magneto-stress calculation takes roughly twice as much CP
time per cycle as a simple inviscid problem. Solving the electric poten­
tial or stream current function may take even considerably more time.

The "restart" capability is a means in which long executing jobs
may be run in segments. As an example, given a 4-hour job which is to be
run in 8 - 1/2 hour segments. Initially, IRST is set = "-1" and the program
is run NMAX cycles. At the end of the run (NPRN ~ NMAX) a tape on unit
15 writes all appropriate information in order that the calculations may
continue later. In the next segment, IRST is set = "1" and the same card
input along with the restart tape (unit 15) initiates the next sequence
of calculations. After this calculation is completed, a new "dump" on
tape 15 is performed and further calculations proceed in the same manner.
No changes are required to the deck after IRST is set = 1 and the deck
can be read in repeatedly in 1/2 hr, 1 hr, etc., segments.

IF IOBQ ~ 0 READ CARD THREE A:

CARD THREE A

RD

XD

1-10

11-20

r coordinate of oblique boundary*

z coordinate of oblique boundary

C

C

IF IPOT ~ 0 READ CARD THREE B:

SPACE 1-10 number of cells per electrode

SPINSL 11-20 number of cells per insulator

BASEP 21-30 number of EMF integrations on the first cycle

DPOT 31-40 number of EMF integrations on the ensuing cycles

DVOLT 41-50 dummy

JPLMIN 51-55 initial conductor (or insulator) cell

JPLMAX 56-60 final conductor (or insulator) cell

CARD FOUR (815)

NPRN 1- 5 print interval in cycles

KPDEL 6-10 print for every kth cell

JPDEL 11-15 print for every jth cell

NPLOT 16-20 plot tape interval in cycles

NDIGPL 21-25 (0) no digital plot, ( 1) digital plot

NMAX 26-30 terminal cycle

NCYCLE 31-35 initial cycle

*If electrodes are employed (IPOT~O), at least two boundary cells must be
defined .... see Fig. C.9, page 227.

208



AEDC-TR-77-105

CARD FIVE (8EI0.4)

Dz0 1-10 cell spacing in axial direction C

DR0 11-20 cell spacing in radial direction C

ZMIN 21-30 minimum axial location C

RMIN 31-40 minimum radial location C

MINDT 41-50 minimum time step S

MAXDT 51-60 maximum time step S

STAB 61-70 stability factor

TZERO 71-80 initial time S

CARD SIX (8EI0.4)

RH00 1-10 density

VZ 11-20 axial velocity
VR 21-30 radial velocity

E0 31-40 energy/mass

B0 41-50 magnetic induction - theta

BR0 51-60 magnetic induction - R

Bz0 61-70 magnetic induction - Z

CARD SEVEN (4EI0.4)

VIsc0 1-10 viscosity

PERM0 11-20 permeability

MW 21-30 molecular weight

ARFV 31-40 artificial viscosity (0) off, ( 1) on

G/C3

cis

cis
E/G

G

G

G

P

CARD EIGHT TO TEN (415,/,7EI0.4,/,5EI0.4)

Kl

Jl

K2

1- 5

6-10

11-15

special assignment of cell variable values

from Kl to K2 in radial direction and Jl

to J2 in axial direction
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J2 16-20

BRH00 1-10 same

BVZ 11-20 E0

BVR 21-30

BE<P 31-40

BBy} 41-50

BBR0 51~60

BBZy} 61-70

BVISC~ 1-10

BPERMy} 11-20

variables as defined before, e.g. BE0 and G/C3

G/C

G/C

E/G

G

G

G

P

REPEAT CARDS 8-10 WITH LAST SET BLANK

INPUT (PLOT)

UNITS G(GM) , C(CM) , S(SEC), E(ERG) , GA(GAUSS), P(POISE), o(OHM) ,
M(METER), K(DEG K), A(ATM), D(DYNES), V(VOLTS)~ AC (ABCOULOMB)

CARD ONE (915.5X,EI0.4)

MOVIE

IHIST

ISPAT

IPARAM

ILINE

ISC

IDET

ISYM

IVEL

RPV

1- 5

6-10

11-15

16-20

21-25

26-30

31-35

36-40

41-45

51-60

(0) no movie, (1) 16 or 35 rom movie
(3) contour plot

number of time history plots

number spatial distribution plots

number of parameter plots

number of line elimination cards

(0) no shading, (-1) shading and/or contour
mapping

(0) labels, (1) no labels, (3) punched cards
of shade intensity, (5) 3-D plots

(0) no symmetry, (1) mirror image abou't r-axis,
(2) mirror image about z-axis

(0) no vectors, (1) vectors

vectors plotted at inches/plot variable VAR
value
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CARD TWO (1015)

ILOW 1- 5 minimum radial index to be plotted

JHIGH 6-10 maximum radial index to be plotted

JLOW 11-15 minimum axial index to be plotted

JHIGH 16-20 maximum axial index to be plotted

L1 21-25 if ILOW.NE.1, JLOW.NE.1, IHIGH.NE.KP2

L2 26-30 JHIGH.NE.JP2

L3 31-35 Ll = 1, L2 = KP2, L3 = 1, L4 = JP2

L4 36-40 otherwise L1 = L2 = L3 = L4 = 0

JPDEL 41-45 plot interval in axial direction

KPDEL 46-50 plot interval in radial direction

CARD THREE (4FI0.4)

ZLOW 1-10 minimum axial coordinate C

ZHIGH 11-20 maximum axial coordinate C

XLOW 21-30 minimum radial coordinate C

XHIGH 31-40 maximum radial coordinate C

CARD FOUR (215)

IVX 1- 5 ordinate variable in vector plot (8 for velocity)

IVZ 6-10 abscissa variable in vector plot (7 for velocity)

CARD FOUR A (SIS)

IF IPART :f o READ:

IPLOW 1- 5 minimum ith particle cell location

IPHIGH 6-10 maximum "
JPLOW 11-15 minimum jth "
JPHIGH 16-20 maximum "
NPTS 21-25 number of cycles when new particles originate

CARD FIVE (615)

IHMIN 1- 5 minimum row for time history plots

IHMAX 6-10 maximum row for time history plots
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JHMIN 11-15

JHMAX 16-20

MCODE 21-25

MFRAME 26-30

CARD SIX (615)

ISMIN 1- 5

ISMAX 6-10

JSMIN 11-15

JSMAX 16-20

NCODE 21-25

CARD SEVEN (615)

IZMIN 1- 5

IZMAX 6-10

JZMIN 11-15

JZMAX 16-20

MZODE 21-25

MFRAME 26-30

minimum column for time history plots

maximum column for time history plots

variable plotted (see table C.1)

number of time history plots per frame

minimum row for line elimination

maximum row for line elimination

minimum column for line elimination

maximum column for line elimination

(1) axial coordinate (horizontal)
(2) radial coordinate (vertical)

(At present, these values are overridden in GRIDS)

minimum row for spatial distribution plots

maximum row for spatial distribution plots

minimum column for spatial distribution plots

maximum column for spatial distribution plots

variable plotted (see table C.1)

number of spatial distribution plots per frame

CARD EIGHT (2E10.4,3(5X,I5))

Referring to Table C.1. Each cell (identified by indices I,J) has
36 variables stored on the disk by Subroutine GRAPH. These values are
later employed to generate plots. At cycle intervals of NPLT, Subroutine
GRP~H writes on disk unit 14. Later, when plotting is performed, Sub­
routines PLOTTE or GRIDS rewinds disk unit 14 and searches for specific
plot data at various times and/or grid locations.

E1 1-10 minimum value to be shaded VAR

E2 11-20 maximum value to be shaded VAR

LI1 26-30 variable to be shaded (see table C.1)

LI2 36-40 (0) linear shade scale, ( 1) logarithmic scale

LI3 46-50 (0) shade only, ( 1) shade and velocity vectors
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ISHIN 1- 5 minimum row to be shaded

ISHAX 6-10 maximum row to be shaded

JSHIN 11-15 minimum column to be shaded

JSHAX 16-20 maximum column to be shaded

NSHADE 21-25 shade intensity

CARD TEN (615)

AEDC-TR-77-105

IRMIN 1- 5 minimum row to be plotted on parametric plot

IRMAX 6-10 maximum row to be plotted on parametric plot

JRMIN 11-15 minimum column to be plotted on parametric plot

JRMAX 16-20 maximum column to be plotted on parametric plot

MPODE 21-25 variable plotted (see table C.1)

CARD ELEVEN ( 4F10. 4, 39X, 11)

TPLTMI 1-10 minimum plot time S

TPLTMA 11-20 maximum plot time S

TPLTDL 21-30 Time interval for spatial and time history plots S

TPLTDE 31-40 time interval for grid plots S

INUMM 80 (0) last plot set, otherwise ( 1)

Table C.1. Variable Assignments for Cell (I,J) for Subroutines Graph
and RDPLT

1 I radial index

2 J axial index

3 R radial coordinate

4 Z axial coordinate

5 DR cell dimension in radial direction

6 DZ cell dimension in axial direction

7 U axial velocity

8 V radial velocity

9 P pressure

10 E total energy/unit mass

C

C

C

C

cis
CiS

A

E/G
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11 INT internal energy/unit maSS

12 C speed of sound

13 MACH Mach number

14 RHO density

15 M mass

16 BO magnetic field - azimuthal direction

17 TRR stress - radial direction

18 TZZ stress - axial direction

19 TOO stress - azimuthal direction

20 TRZ shear

21 ER electric field - radial direction

22 EZ electric field - axial direction

23 VISC laminar viscosity

24 BR magnetic field - radial direction

25 BZ magnetic field - axial direction

26 JR current - radial direction

27 JZ current - axial direction

28 GAMMA specific heat ratio

29 SIG electrical conductivity

30

31 TEMP temperature

E/G

cIs

G/C3

G

GA

D/C2

D/C2

D/C2

D/C2

GA·C/S

GA·C/S

P

GA

GA

AC/S·C2

AC/S.C 2

K

32 PHI

33 PSI

34 BETA

35 COND

36 VORT

electrical potential

stream current function

hall parameter

thermal conductivity

vorticity

As an example of data input Figure C.2 depicts the input for a
simple MHD generator. Output consists of a list of hydrodynamic (Figure
C.3), viscous (Figure C.4), or electromagnetic (Figure C.5) variables
for cells at intervals KPDEL and JPDEL. If NDIGPL is GT 0, then a digi­
tal plot (on-line printer) is produced (Figure C.6).
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.21qOJ:;~"02 • 234E19E+OS
.2243'F.f-02 -.33392E+04
.21Q51l:'-02 .2079~E+OS

• 215lt~c:-OZ • 3bS 49£+05
.11)000F .. 02 O.
.10) [C€-02 O.

Z:::: .8400E+01

O•
O.
-.63610E+05
-.10756£+05

.32720E+04
• 424~6E+ 04
• 513b7Et 05

O.
O.

.50000E+l0

.50000E+10

.53635E+11

.50253E+11

.48741E+11

.49985E+11

.5262&£+11

.50000E+10

.50000£+10

OT =

.50000E+10

.50000E+10

.50792E+11

.49919E+l1

.46736E+11

.49760E+11

.50636.£+1.1­

.50000E+10

.50000E+10

.6145E-06

:~~8~U:g8 :~4~~g~tg~
.16149E+02 .30414E+04
.1&191E+02 029892E+0"

:iWUm :wmm
.1I>i!i4£.+J1L_ .3JUZZE+1l4
.74036E+00 029940£+03
.740:!'8E+OO .29940£+03

O.
O.

.63340E+00

.27640£+00

:mm~8~
.67453E+00

O.
O.

........................................................................................................................" •• 1lI ••••••••••••••••

J I R cF~~rTY VELOC-Z VELOC-R Tor ENERGY INT ENERGY PRESSUPE TEHPERATURE HACH NO
CM GIVGH> CH/SEC CH/SEC ERG/OH ERG/GH -A.I.IIO.SEJl.El!£S ----llEG.llEE K ---

11 42 ,10250£+02 ,1ilO (0£-02 O. O. .50000E+I0 .50000E+10 -v1-4G--38E+G-O- ~9940E+03 O•
11 J7 .77CiOOE+Ol • 101] r1"E-02 O. O. .50000E+10 .5000 OE+1 0 .74038E+OO .29940E+03 O•
11 32 ,52500£+01 • 10J 00E-02

O:119E1E+06
O. .50000E+10 .50000£"10 .74038£.00 .29940E+03 O•

11 27 • 27500E+Ol .12~ :t7E'-02 -015230£+05 .57330E+11 .50069E+11 .1r921t5F:flJl .29981E+04 .12914£+01
1"1 22 ,25000E+00 .201QL[-02 , &4285E+05 -, 36564~+04 .53799E+11 .51726E+11 .15'!21E+02 .3 0974E+0~ .66165E+00
11 17 -.22S00.E:.t01 ,146?6~-02 ,11065£+06. .19623£+05 .57162E+11 .SQ..644-E+U ~111l12£.t.1lL-._3.0~~6Etj)~ .• 12003£+01
11 12 -, 4 7~ ODE +0 1 .1)0 [0':-02 O. O. .50000E+l0 .50000E+10 .74036E+00 .29940E+03 O.
11 1 -.72500E+Ol ,jOO 00~-02 O. O. .50000E+10 .50000E'10 ,74038E+0 0 .29940E+03 ..
11 2 -.97500E+01 ,iOf} OOE-02 II. O. .50000E+10 .50000E+10 .7-403j\E+l}0 .29940E+03 o.

.1260E+02 TI~E = , 4825~-03 oT = .6145E-06
...................................................................................110 .

J I R OENSITY VELoC-Z VELOC-R TOT ENERGY IIH ENERGI_ E1ESSlJJI.J:_.__J£MP-ERATURE _HACH NO
CM G"/cM> CN/SEC CH/SEC ERG/GH ERG/GM AT"OSPHERES OEGREE K ---

16 42 .10250(+02 ,1001""E-02 9. O. .50000E+10 .50000E+10 .74036E+00 .29940E+03 O•
16 37 .77500E+01 • 10IlrOr-02 O.

0: 34328E+05
,50 000E+10 • 50000E+10 .74036E.00 .29940E+03 O•

16 32 .5250oF.+01 .7Fi'7/3{lE-03 .10635E+06 ,55302E+11 .49056E+l1 .55775£+01 ,29376E+04 :mmm16 27 • 27500E tOl .68(,Al.lE"03 ,14160E+0& .50895E+05 ,57566€+11 .46248E+11 ,47036E+01 .27693E+0~
16 22 .25000E+00 .CJJ;762£-03 .121B2£tO.& • 31.11.1E+ n4 .54199E+-l1 .~n775E.+i1 .6L019E.+.OL.. +4JlOngHO~ .i3566E+01
16 17 -,22500E+Ol .76111F-OJ .14024E+-06 -.33945 E+ 05 .57258E+l1 .46627E+11 .52549E+Ol .27920E+04 .16259E+01
16 12 -.47500EtOl ,70S 07':-03 .11216E.OO -.42894E+05 : ~~~6~~:th 046114E+l1 .50232£t01 :mmm + 132~3E+01
16 7 -, "2~00E+01 ,lOa Cr.E-02 O. O. ,50000E+l0 ,74038E+00 O.
1& 2 -.97500E+01 ,1000nE-02 o. O. ,50000E+l0 .50000E+10 .7-i038E+00 .29940E+03 O•

Z = .1680;::.02 TIME = • 4625E-0~ oT = .6145E-06
.........................................................................o ! •••_ ..!_!...•....!..!.-._~_~_.--!..!~!~ ~.!'".o_••••••••••••••••• _

J I R CENSITY VELOC-Z VELOC-R TOT ENERGY INT ENERGY PRESSURE TEHPERATURE HACH NO
CM G"/CHT CN,SEC CH/SEC ERG/GH ERG/GH AT~OSPHERES OEGREE K ---

TIME =

.74036E+00 .29940E+03 O.

.74038£+00 .29940E+03 O.

.65148E+Ol .29063E+04 .11351£+01

:mmm :mmm :mmm
:mmm--~~~llillg&i- .
.74038E+00 .29940E+03 O•
.1'''-0 18E+0J)__.o2...994JJE+03 __ 0..

.50000E+10

.SOOOOE+l0

.49872E'11

.45405£ tll

.42586£+11

:mmm
• 50000E+10

_a50JJOOE+l0

.6145E-06

.50000E+10

.50000£+10
,55414E+11
.55968E+11
.53466E+11
.55767E+11
.55789E+11
.50000E+10
.50000E+10

.4625E-03 oT =

o.
0: 10319F.+05

.22494E+05

.36922E+04

=: f~9~~t:g~
o.
O.

• jOOI'lI"'t"-02 0,
,101'10(1(-02 O.
.890 3j ~"03 • 104 77f+06
.F50~~E-03 .143fCE+06
,531;70E-03 .14160E+O&
.591Q7E-03 ,1ttb29(+06
• ~l'\441t"-0J" ,11291iE+Ob
,lOa OOf-02 O.
• 100 ~ ':l€-02 O.

Z :::: ,2100Et02

42 ,10250£+02
37 ,77500E+01
~2 ,52500E+01
21 .27500£+01
22 • ?5000E+OO
17 -.22500E+01
12 -.41<00E+01

1 -,72500E+Q1
2 -.97500E+01

21
21
21
21
21
21
21
21
21

.................................................................... 'II'" ............................ •• 11 •••• ........ ,.••••••••••••••

J I C~ ~~n~p ~RmcZ mg~cR TOhm~GY INMmGY A~~~maES T6~~HT~RE HA~~_NO

26
26
26
26
26
26
26
26
26

tt2 .10250£·4-02
37 .77500E+01
32 .52500£+01
27 .27500E+01
22 .?5000[+00
17 -.22500(+01
12 -.47500E+01

7 -.72500E+01
2 -.97500E+Ol

.10000F-02 0, O. .50000E+10

:HW~:gi 0:10W£+06 0: 37387E+ 03 :~mmu
,e53QnE-03 .12237E+06 -.67238E+04 .54820E+11
.P921PE-03 ,10065E+06 -'II 50955E+03 .49974E+11
.~5C;6PE-03 .12015ft-06 .66133£+04 .54231E+11:mm:n o:~mm~~ ii:mmm :miUm

Z = .2520£+02 TIHE ; .4j\25E-n3 oT =

.50000EHO

.50000E+10
-.49279E-+14­
.47311E+11
.44906E+11
.46997E+11
.46935E+11
.49610£+11
.50000E+10

• 61LWE-llf>· .

.74036£+00

.74038E+00

.. &l%a£.......o-.t-­

.59020E+Ol

.59323£+01

.59541lf:+'01.

.62651E+Ol

:mmm

• 299~OE+03
• 29940E+03
~%08£+1l4
.26330E+04
.26891E+04
.28142E+0~
.293 02E+0~
.29706E+04
• 29940£+03

O•
O•

010975£+01
.13566E+01
.11436£+01
.1336~E+01
.1183~E+Ol
• l0073E+01

O•

.............................................................................................. "'" •• q. .

J I R OPISITY VELOC-Z VELOC-R TOT ENERGY INT ENERGY PRESSUP£ T(WERATURE lJACII 110
CM G"/C"' CN/S EC CH/SEC ERG/GH ERG/GH ATHOSPHERES OEGREE K ---

31 42 .10250(t02 .10nOUl:'-02 O. O. .50000£+10 .50000E+10 .74036E+00 • 299~OE+03 O•
J1 37 .77500E+01 .100 COF.-02 O. O. .50000E+10- .5001lOE+10· -·~141lJM:'-1l1l--_2-9940E+03 O•
31 32 .52500£+01 .11HPF-02 .78953E+05 -.233t.9!:+04 • 505,.1Et11 .47422E+11 .78%4£+01 .28396E+04 .67332£+00
31 27 .27500E+Ol .1092 o f-02 :A~~~~f:8~ ::mm:g~ :~~~~if:lt :~§g~f~:li :mmm-:mmm :mrmu31 27 .25000EtOO .121tl9t-OZ
31 17 -. 22500E '01 .110p:·r-02 ,10204E+06 .94568E+03 .52631E+11 .4762~E+11 .77616£+01 .28518E+04 .11256E+U
31 12 -,"1500E+01 .1095PE-02 .66325E+05 .2494 OE+04 .52058E+11 :mmm ~mnm :mmm :mnmx31 7 -.12500£+01 • 11",79E-02 • 72b52£+05 -.44450E+03 .47726E+l1
J1 2 -.9750010+01 .100 O~E-02 u. O. .50000E+10 ..

Z = ,2940E+02 TIHF ,; .':'825E-03 OT = .6145E-O·i,
.................................................................... ....................................~ ~ q.. .

J I R r.<NSITY VELoC-Z VELOC-R TOT ENERGY IHT ENERGY PRESSURE T£HP£RATURE HACII HO
CH GH/cH~ CHIS EC CH/SEC ERG/GH ERG/GH. AT.~(l~HERE~ ..OEGRE_E K ---

36 42 .10250E+02 .10D-00E-G2 O. O. ..'OD-llOE+~ .• 5001l1l~1l·_~j\~·--..<!-9D-40e+0;S·-00--
36 37 .77500f+D1 .10 0 0~E-02

0:14160E+05
O. .50000E+10 .50000EHO .74038E+00 :mmm O:mmm

36 32 .52500E+01
~ t~~ ri~f:~~

-016~21E+04 .37410E+11 .34716E+11 .65610£+01
36 21 .27StlOE+01 .99150E+05 - -.45162E+03 .~9616E+11 .""9111E+I-1 ---._%6I:+1U-· .• <'68 Ili'E+64
36 27 .25000E+00 .13044E-02 .63594£+05 -.32965E+03 .42670E+11 .39376E+11 .76967E+01 .2 3570E+0~ .101~3E+01
36 17 -.22500E+01 .121 "~E-02 :mmm :mmm :mmm mmmt·-·:mmm--mmm~ :mmm36 12 -.47500£+01 .1456('E-02
36 7 -.72500E+01 .22q~2E-02 .65074£+05 -.53071E+03 .27906E+11 .97569E+00
36 2 -.97500E+.o1 .1-04 (OE-.42.......0. --.0.. -·- . . -- ..54000£+10 .-'S-'OGOJlE.>ill--··~·.------+Z994GE+'03. O.

z. = .3360E+02 TIHE = .4625E-03 OT = .61~5E-06

........................................................................................ "' .
J I C~ ~~fW . ~~7ricZ . "Cmw~R -TUh~~G"TI~%lf"- A~ES~~~W~£ flA~!:_ NO

~6 42 .10250H02 .100 (OF-02
46 37 • 71500E+01 <1fr'l~OE-1l2
-'6 ,32 .52500£+01 .~6"'7~f-02

~~ g- :mmm . :mm:~~
46 17 -.22500E+01 .21960 E-02
-.6 12 -.47500E+Ol .'33Se~E-02:
46 7 -. 72500E+Ol .5766~E-02
46 2 -.97500E+Ol .10000E-02

0, O. .50000£+10

-tt:7ltS24E+OS °:6.6620£+04 :It~g~:n'

:mmm ~mma~:~mmH
.69526E+05 -.44222E+04 .26616E+11
.77393£+05 -,61960E+04 .19665E+11
.70303E+05 .12406£+03 .13937E+11

0, O. • SOOOOE+10

:~mgm~~=~-..;-m~ml--:;
114932E+11 .65951£+01 .894.13E+03 .14H2E+0_1

JWHllii-·-:mmm-:-HnUt~t- :-mmm-
.24656£+ 11 .00214£+01 .147 65E+ 04 .1374~E'01
.16657E+11 .8H62E+01 .99740E+03 .14519£+01
'11~66E+11 .97900E+01 .66657E+03 .1560.£+81
.50000E+1_0 _--'-74036~.~~.9'14.0_E!03._••

R(l) = RMIN + DRO/2

Figure C.3 Output Table, Hydrodynamic Variables
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z = .4200E+02 TIHE =. .4825E-03 oT = .6145E-06.......................... ,.~ , , , .
J I R oWSITY VELoC-Z VELoC-R TOT ENERGY INT ENERGY P~ESSUPE TEHPERATURE HACH NO

. CH l>HJ'r.>i;' . __ .-CHIS£C .CHISEC Ei<G/GH ERG/GH ATl1OSPHER£S.. DEGREE K ---

51 .2 .10250E,02 .1000fl-=-02 O. O• .50000E+l0 .50000E+10 • 74038£+00 .29940E+03 O•
51 37 ,77500E+Ol • loa O(!E-02 O. O. .50000E+l0 .50000E+10 •74038E+00 .299 .. 0E+03 O•
51 ~J :mmm .51437 E-02 .16121£+05 .61810E+04 .13821£+11 ,10904E+11 .6305!iE+Ol .65296E+03 .17609E+01
51 '''16~PE-02 .ij3526E+05 • 59513E+ 04 .11 0.. 4£ til • n538E+11 .83907£+01 .81063E+03 ,17328E'01
51 22 • 2500~E+00 .3265"'E-02 .92652E'05 .64225E'03 .21939E'11 • 17641E+11 .85335E+01 .105&7£+04 016193E+Ol

- 51 17·~·,225M£.tU .--+40--19-P.E-..oZ ..•85161E+05 _-.52-8l.9E+.o4 _17788£+11 • 141.48£t1.1 .~.EU.1 ,84716E.03 • 17272E+01
51 12 -.47500E+Ol • "9'24E-02 • 71323E+05 -.6761 OE+ 0.. • 14380E+11 .11368E'11 .83027E+Ol .68072E+03 .11528E+Ol
51 7 -.72500E+01 .59200E-02 .79284E+05 .13313E+04 • 13lt16E+11 :mmm .90049E+01 .61512E+03 .18837E'01
51 2 -.97500E+Ol ,11]11 OllE-02 O. O. .50000£+10 ,7"-0 38E+O 0 .29940E+03 O•

Z = ,4620E+02 TIHE = • 4825E-03 oT = .6145E-06............................................................................................................................
-..I- -1. ll---·· CE-NS-IT'i- .\IEI.De-.z _ .. V£I.OC-R TOl £NElI.GY .. INl ENERGY. P-US-SlJR£ TEHP£RATURE HACH NO

CH GH/CH~ CHISEC CHISfC ERG/GH ERG/GH AT~OSFHERES DEGREE K . -_•

56 42 010250E'02 • 100 (OE-02 O. O. .50000E+10 .50000E+10 .74038E'00 .29940E+03 O.
56 37 :mm:a :~m~t:g~ 0:m'lSH05 0: 23515E' 04

.50000E+10 .50000E+l0 .74018E'00 .29940E.03
0: 13248E+Ol56 32 .915011:+10 .79471E+10 .31801EtUI ·.47587E+03

56 27 .27500E+01 ,~336:rE-02 ,5918ZE+05 .45361E+04 .106..4E+11 .8M25E+l0· .43882E+Ol .53189E+03 .15163E+Ol
..% -2-2 .. -2$1lf)4.f;t4-0.. • :t~.9 0~j12 __....-67~ 18£>.05 _ .,1.0485£+04 oJ.2243E+U .99697E.HO .52J1SZ£+01 .59699£+03 .16259E+Ol
56 17 -.22500E+01 .34179f-OZ .60899E'05 -.42505E+04 .10935E'11 .90715E+10 .45912E+01 .54320E+03 • 15.. 32E+01

U If -.H500Et01 :~~~m:g~ .51291E+05 ::umm~
.94569E+10 ,81363E<10 ,3574n+Ol .48TZ1E+03 .13718E+Ol

-.72500£+01 .51991E'05 .9.. 051E+10 • 80528E+1 0 .HE-50£+01 .'o8220E+03 .13954E+01
56 2 -.9T500E+Ol .1000rE-02 O. O. .50000E+l0 .50000E+10 .140:!t'E+OO .29940E+03 O.

Z = .5040£.02 TIHE = .4825E-03 oT = .6145E-06

.50000E+l0 .74038E+00 ,29940E+03" O.:mmm :mmm :~~m~m' 0: 25691£_02

.50028E+J.Q ..•7-4J.32UOO ..•29957£+03 .34457£-02

.50037E+10 .74287£+00 .29962E+03 .26575E-02:mmm :mum~ :mmm :mm:8~

.5006ZE'10 .7H23E+00 .29977E+03 .86958£-03

.50000E+10 .74038£>00 .29940E.03 O•

• 6145E- 06

.50000E'l0

:~mmH
.• 50.o28£,t10.
.5003TE+10

:~gg~~~:f8
.5006ZE+l0
• 50000E+10

.4825E-03 oT =

H U :mmm :mm:&~ 8: 8:
61 32 .52500E'Ol .99891E-03 -.3~641E+02 -.670"9E+OZ

-41- - -27· -·...2-T$1l~1--·-.~P-E·ll-2._.•~ - -.T-U44E>-OZ
61 22 .25000E+00 .100lFF.-02 -.76412E'OZ -.16035E+OZ
61 11 -,22500E+01 .10n i':'E-02 -,&3287E+02 .53243E+02
61 12 - .... 7580E+-Gl .-9988~f-03 -.6579.. £+OZ .'o<0467E+02
61 T -.7Z500E+01 .99712E-03 -.200 45E+OZ 015849E+02
61 2 -.97500E+Ol •.10~00f-02 O. O.

Z = .5460E'02 TIME =

o•
0: ZO 616E'02
.31026E-02
.28897E-02
,30788E-02
.19451E-02
.18045E-02

O.

.Z9940E+03

.29940Et03

.29953£+03

.29958E+03

.29958£+03

.29960E.03

.Z9955E+03

.29960E+03

.29940£+03

.74038£>OU

.74 038£>0 0
.7<U.J5£+O.o
.74150E+00
.74271£+00
.74306£+00
.74161E+00
.74216E'00
.74038E+00

.50000E+10 .50000E+10

.50000E'10 .50000E+10

.50022EHO _.• 50.oZZEUO.

.50030E+l0 .50030Etl0

.50029E+10 .50029E+10

.50033E+10 .50033E+l0

.50025E+l0 ,50025E'10

.50034E+10 .50 034E +10

.50000E+l0 .50000E+10

..• 44-25E-03 .DT. = -..6145E-0i>

.UI25DE+02 .lUOOO-e'·02 O. O.
• 71500£+01 .101] "rt':-02 O. O.

...525l1l1£.lll-__1-OOJl.9£..nz ._~61-63£.'llZ._ -.ZU5.4U.02
• Z1500E+01 .1002H·02 -.76656£+OZ -.49311E'OZ
.25000E'00 .10026E-02 -.83790E'02 -.13635E+02

-.2Z500E+Ol .10030f-OZ -.82987£+OZ .35974£+02
-. 47500E +0 1 .11H4E-02 ·.53359E.02 ,2043 9E'02
-. 72500E+Ol .10~ 17£·02 -.53013E+02 .38129E+00
-.9noonOI 01000rE-02 O. ~.

- _. __..1 . .=.__ . +S88-0UC02--- ....T.IHE--=

66 42
66 3T

--~-#
66 22
66 17
66 12
66 7
66 2

.................................................................................................................................
J I ~ DEliS ITy VEL1X:-Z VELOC-R TOT ENERGY INT ENERGY PRESSUPE TEHPERATURE HACH NO

CH GH/CH~ CHI SEC CH/SEC ERG/GH ERG/GH ATHOSPHERES OEGREE K ---

0,
O•
,23 e94E-02

:mm:8~
.28889E-02
.28701E-02
.26099E-02

O•

.29940E+03.z 9944£+03
,29976E+03

:mmm
.2995..£.03
.29969£+03
.30015E+03
• 29940£+03

.50000E+10 .74038E'00
_. 548-00£ti IL .•1.4-03A00jl
.50060E'10 .7H98E+D0

:mmm :mmm
.50023E+10 .74143E'00
.50049E+10 .74026E+00

:mmm :mmm
.6145E-06

.50000E+10
.• 504-04E-'J.j)

.50060E+10

:~mmt8
.500Z3E+10
.50049E+10
.50125E+l0
.50000E+10

.4825E-03 oT =

71 _2 010Z50£+OZ 010~or"--02 O. O.
.-L1.. . _3l._ ....ll5JlllE.+JU- _.1ll!lM.£.,jjL..l4-- ....Jl. --. . .

T1 J2 .52500E+Ol .99H~E-03 -.57794E+02 -.398760,02

--H ··n .. :mg~81· .:m~H:g~ ::mmm ::mmt8f
71 17 -.22500E'01 010010E-02 -.8~84H+OZ • 15116E+Ol
71 12 -.47500E+Ol .9988(·-03 -.6536ZE'02 .53289E+02

-71··-- 7' ···.7Z500E>1Il- .99P~E-03 -.71£14£+02 -.27588E'02
T1 2 -. 9T500E '01 .10000E-OZ O. O.

'! = .6300E+02 TtHE =
..........................:1,1 'T T.' T••"'.' .,.,., , .

J I R rENSITY VELoC-Z VELDC-R TOT ENERGY INT ENERGY PRESSUPE TEHPERATURE HACH NO
CH rH/CH~ CHIS EC CH/SEC ERGIGH ..__ . ERG/.GJL ATH.o.5.I'.H.E RES 0 EGREE K ---

. ·76- 42 ·,4-jh!50E'0,z .- ~1-aQ-tll<'-02 Q- . -_ .• --llo ..$1ljlOOE+1D- • 500Q.Q£+10 -.T4-03~. .. ·..,2·9940E +03- 0..
76 37 • 77500E+Ol .1000UE-02 O. O. .50000E+10 .50000EHO .14038E+OO .29940E+03

0: 17955E-0276 32 .52500E+Ol .99823E·03 -.46538E+02 -.24820E+02 .50021E+10 .50021E 110 :mmm .29953£+03
76 2T .27500£+01 .99914E"03 _.• 489 21l£~02 . -.lZ270E+02 - .50011E+10 .50011E+l0 .29947E.03 • 171T2E-02
T6 22 • 25000E'0 0 .100 i:'7'E-Q2 -.49843 E+OZ -.82846E+Ol .50024E'10 .500Z4E+10 .74274E'00 .29954E.03 .17200E-02
T6 17 -.22500E'01 .10012E-02 -.48456E+OZ .60Z81E+Ol .50018E+l0 .50018E+10 .14156E+00 .29951E+03 016624E-02

~&
12 -.47500E+01 .9984rE-03 -.54315£+02 :~~~!6~:gr :~g8mm .50017E+10 .739 ..3E+00 .29950£+03 • zoe53E-02

7 -.72500E+01 .99471E-03 -.53340E+02 .50013E+10 .1l665E'00 .29948E+03 .18349E-02
76- -·2-· -.-9'1'~1I11E+1H-· ...!1}O·Mf-OZ ·0.··-·· II. ..,OOOOE+-14 .• 50000E+H- ... T4lIJ8£+OO .29940£+03 O.

Z = .&120Et02 TIHE = .4825E·03 oT = .6145E-06.................................................................................................................................
J I C~ BRnH? m~~cZ m~cR TO~R~~~GY IN~Rm~GY At~Bm~hs Tnm~T~RE HA~~_ NO

.50000E.io .740-38E:-'-0·O

:mmm :mmm
,50009E+10 .74059E+00

:mmm :mmm
.50012E+l0 .74006E'00

·:mmtti·- ·~mmg8
• 6H5€-06·

• 29940E+03

:~~mmi
,29945E+03
.29953E+03
.29949E+03
.29947E+03
.29944E+03
.Z9940£+03

O•
0: 79~23E-03
,894T5E-03
.12615E·02
.10356E-02
,10912E-02
.65698E-03

O•

...................................................................................................................................
J -1· ~~ ER1m r - ... mUcl ·~m~~R··· TO~Rm~CY INtRmnGY · A~~M~E~ TB~mp~RE HA~~_ NO

U H :m~m%i :l~m~:g~ 8.· -8: :mmm :mmm :m~nm
86 32 .52500E+01 .997 81E-03 .180T5E+Ol .8TZ62E+Ol .5000TE+l0 .50007E+10 .7H86E+00

··H·fz :mmm- ~mm~gt·-~mtfm ··~mmm :mumg· :mmm- :tmum
86 17 -.22500E+Ol 010H3~-OZ -.16748£+OZ -.16873E+02 .50008E+l0 .50008E+10 .74070£+00

--·-%--_·-t-c--...-l'5O-GE+-G!--.-'l97-9~u--.U2\3EIU2 6HS~ --.-5(l.Ql16£+W-...51I~!lI-·-""'3~+-O-ll·
86 7 -.72500E+01 .1000rE·OZ O. O. .50000E+10 .50000E'10 .74038£+00

._ .8!._. _Z. _ ~•.97500E+o.1 .• 100_00I-O..2. _~. .. O. .50 O.oOE+l0 .50000E+10_ .•.T40:'8E~00

1 = .7560E'02 TIHE = .4825E-03 OT = .6145E-06

.Z99 .. 0£+03
·.Z99_0E+03
.29945E+03

:m~um
.29945E+03
.Z-'}944£+03
.29940E+03
.29940E+03

..........................-.-, 9=•••.••••••.•-••••••- -•••.••"'."¥- \i •••"'-."'.¥ .- .
J I R DENSITY VELOC-Z VELOC-R TOT ENERGY INT ENERGY PRESSURE TEHPERATURE HACH NO

-.-._ _. -_..~.__..-.-~._--GlI,t~_••- ._-Clll-$O~.· .£~G.tGK-- _.. ~ ·E-IlG.tli~· . 4l'MOS~Il[-I1.H·- ·IJ.£G.llEE K _.-

- ff-- 4rf.2. -rt-Q ,",#2--- -rl-uo·tiIE-D-Z· Ihr-· -_. 1lT--.. _ .. ·-.5D-o-eeE+iO o51llHf*+tO ··..''tltME+eO .-r-99'tllE+03 O.
91 37 .77 OE'Ol .10000E-02 O. O. .50000E'10 .50000E+10 .74038E'00 .29940E+03 O.

-it-·_-U:U 'U--:iUUr=1t-::mmrrr-Q:mmm--:immU :mmm -:tmnffl·-·:mmm o:mm:g~
-tt·-tt--.4T5 ,01 :mm.g~ ..mumt-· .mmm-:-roffi~ttt-· :mmm--:ftHmgg n-:~1m~~~· ·:mm:u
·-M-i---~ ~- :lgm~~·*---··_--..gi----_·~g·=·m--:~~8$m-:mmm~~m:g~ .. ~:

oT = •.61~5E-U _ .........................." " .
-.l--u-+--Gt- 8~mp---re~~cl ~~~~c.R. fOh~~¥--4iS~ A~~mu~~ES-T~~m?uR£ i1~~_NO
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AEDC-TR-77-105

Z = .8533E-06............................................................................................................................
J I R: B t:!R sZ EOQ't'+VISC TlZ TRf' Teo TRZ

C!'4 GAUSS GAUSS GAUSS G"l/CM-SEC ATM ATH ATH AIM

50 • 12250[+02 .20000f+05 O. O• .2[,000[+01 O. O. O. O.
45 • 97500£+01 .20000n-05 ? O. .ZOOOO£+01 O. O• ?

~:'0 • 72500£+01 .20000E+05 O. O• .20000£+-01 O. O. O.
35 • lj7500EtOl .20000[+05 O. O• .20000£+01 O. O. J • O.
30 • 22500£+01 • 20000E+05 O. O• • 2(1000[+01 O. O• Q• O.
25 -. 2~O OOEt 0 0 • 20000£+05 O. O. • 20000£+01 O• O. J. O.
20 -.2750')[+01 .lOODOf+OS O. O. .200GOE+Ol O. C. O. O.
15 -.52500£+01 .20000[+05 O. O. .20000£+01 O. O. O. o.
19 -.77500E+01 .20000005 O. O. .20iJOOE+iJl O. O. O• O.

-.10250£+02 .20000[+05 O. O. • 2tiOOOE+!)1 O. O. O. O•

.5000E+01 • 73!Q[-OLt DT = .8533E-06....." , .
J I R B 8R I]Z EDaY+VIse TIZ TRR TOO TRZ

CH GAUSS GAUSS GAUSS GH/CH-SEC ATH Alt" ATH ATM

50 • 12250£+02 .20000E+05 O. O. .ZOOOO£+O 1 O• o. &: o•
'5 • ~7500E+0 1 .2000\1£+05 O. O. • 20000E+01 O. o. .39::87E+0
40 • 7250t'lE+01 .20000E+05 O. O. .ZOOOOEH1 O. O• o. .8-;753E+0
35 • 47500[+01 .21)000£+05 ~. O. .2JQOOE+Q1 O. O• O• -.17313£+0
30 • 22500[+01 .ZOOQOE+05 g: o. • 20000[+01 O. O• O• -.55979£-0

~fi
-.25'000E+OO • 20000£+05 O. • 20iJOOE+u1 O. C• o. • ::2~1l1E.-0
-.27500[+01 .200l}OE+05 O. O. .2010')[+01 O. O. O. 01,.413£+0

15 -. =2500E+0 1 .20000[+05 O. O. .20(JOO[+!)1 J. O. O• .20519[+0

19 -.17500E+0 1 .20000f+05 O. O. • 20000E+(J1 O.
~ : o• -.903~6E+O

-.10250[+02 • 20000[+05 O. O• • 2011rdE+l31 O. J. -.39587£+0

.1000f"02 T1"£ .7339£-04 DT = .6533E-tl6............................................................................., " , , .. , , , , .. , .
J I R B BP. B2 EOOY+-V1SC TIZ T~R TOO TRl

CH, GAU3S GAUSS GAUSS GH/CH-SEC .4TH ATt< ATH .6TH

11 50 .12250E+02 .20000E"05 -1. O. .200110£+0 1 O. O. O. C.
11 ~~

• 97500[+01 .20000£+05 O. O. .20000£+01 O• O. ? .40921E+05
11 • 725DOE+D 1 .20000E+05 O. O. .20DCOE+01 O. O. O. .5025£E+-1l1
11 35 .47500£+01 .20000E+05 O. O• .20000(+01 O. O. O. -.20915£+00
11 30 • 22500£+01 .20000E+05 O. O. .20000£+)1 O. O. O. -.11,.71E-02
11 25 -.25000£+-00 .20000£+05 O. O. .20000£+01 O. O. O. .1:2-472£-01
11 20 -.27500£+01 .20000£+05 O. O. .20000£+01 O. C. O. .12216E.+OD
11 15 -.5"2500£+01 .20000£+05 O. O. .2(J!lOO£+01 O. O. O. .29955£+00
11 10 -.77500£+01 .2001)0£+lJ5 O. O. .20iJ(IOE+01 O.

~ : o. -.50638£+01
11 5 -.10250£+02 .2000)0£+05 ? O• .20000(+01 D. O. -.409Z0(+05

• 1500£+02 .7339£-04 DT = .6533E-06................................................................................................, .
J I R B AR Bl £OO'Y'+V1SC TZl TR" TOO TPl

CM GAUSS GAUSS GAUSS GH/CH-SEC ATM ATH ATM ATH

16 50 :tj~~g~:g i .200]0[+05 O. O. .20QlIOE+O 1 O. O. O. O.
16 '5 • 20000£+05 O. O. .200(10£+11 O• O. o. :~g6~~fa~16 '0 :l~§3gf:8 t .2(jOiJO[+Q5 O. O. .20000£+01 O. O. O.
16 3~ .20000£+05 O. O. .200GOE+01 O. O. Q. .75'968E"Ou
16 30 .22500£+01 .20000£+05 O. O. .2\1000£+01 O. O. o. • ~25J7[+OO
16 25 -.25000£+00 .20000£+05 O. O. .ZODGDE+i)1 O. O. Q • .6378££-01
16 20 -.27500£+01 .20000£+05 ? O. • 20000£+01 O. O. O. -.28E71E+O(J
16 15 -.52500£+01 .20000£+05 O. O. .20000E+01 O. O. O. -.55362£+00
16 19 -.77500£+01 .20000£+05 O. O. .20000£+iJ 1 O. O. o. -.70599£+01
16 -.10250~+O2: .20000E+05 O. O. • 200UO£+0 1 O. O. O. -.,.0918E+05

Z = .2000F.+lJ2 TIHE = .7339£-OJt DT .8533£.-06................................................................................................., , .
J I R 8 BR Ol EOOY+V1SC Tl7 TRf;: TOO TRl

Ctol GAUSS GAUSS GAUSS GH/CM-S£C AT,", ArM AHt ATH

21 50 .12250E+02 .20000£+05 O. O. .ZOOCOE+01 ? O. O• O.
21 '5 • 97500E+01 .200QO£+05 O. O. • 20000E<01 O• O. O. .40&98E.+05
21 40 .72500£+01 .20000£+05 O. O. .200IHI£+01 ~. o. o. .IH",.aO£+G1
21 3~ .47500E+01 • 20000£+05 O. O. .20000£+01 O. O• O. .24173£+01
21 30 .22500£+01 .20000£+05 O. O. .20000£+01 O. O. O. .12,.68£+-01
21 25 -.25000E+00 .20000£+05 O. O. .20000E+01 O. O. O. .31500[-01
21 20 -.27500E+01 .20000£+05 O. O. • ZOOCO£+01 O. O. O. -.11~20E-+01

21 15 -.52500£+-01 .20010(+05 O. O. .200GOE+01 O. C. O• -.22.209E+Cl1
21 10 -.71500£+01 .2001)0£+05 O. O. • 20000£+01 O. O. g: -. 8868~£+Ol
21 5 -.10250E+02 .20000E+05 O. O. .20000E"J1 O. O. -.~oe99£+05

Z = .2500£+02 T1HE .7339E-0_ DT .8533£-06........................................................................................................................................
J I R B BR BZ ECOY+VISC TIl TRR TOO TRI

CH GAUSS GAUSS GAUSS GH/CH-S£C ATH ATH ATH ATH

26 50 • 12250£+02 .20000£+05 O. O. .20000£+01 O• O. O. O•
26 '5 • ~7500E+O 1 • 20000£+05 O. O. • 20000E+O 1 O• O. o. :~g~~gf:8~26 '0 • 72500E<01 .20000£+05 O. O• .20 0 ~OE+O 1 O. O. O•
26 !5 • 47500£+01 .20000£+05 O. O. • 20000£+01 O. O• O. .5"601£+01
26 30 .22500E+01 .200?0£+05 O. O. .20000E>01 O. Q. O. .19803£+01
26 25 -.25000[.. 00 .2()OOO£+05 O. O. .20000£+01 O. O. O. -.36410E-01
26 20 -.27500£+01 .20000£+05 O. O. .2GOOO£+01 O. O. O. -.19064£+01
2& 15 -.52500£+(11 .20001}£+05 O. O. .20000£+1)1 O. O. O. -'''884€.£+01
26 10 -.775 OOE+o 1 .20000E+05 O. O. • 20000£-+-0 1 O. O. o• -.20052£+02
26 5 -.10250£+02 .20000£+05 O. O. • 20000£+01 O. C. O. -.40813£+05

Z = .3000[+02 TIHE = .7339£-0" DT = .8533£-06

•••• 4 '1'- •••• , .

J I R B BR BZ EDOY+VIse Tll TRFi TOO TRl
CH GAUSS GAUSS GAUSS GH/CH-SEC ATM ATM ATK ATH

31 50 • 12250E+02 .20000£+05 O. O. .20000£+01 O. O. O. O•
31 45 .IHSOOE+01 .20030E+05 O. O. .20000001 O. O. O. .4093,.£+05
J1 '0 .72500£+01 .20000£+05 O. O. .20000E+01 O. O. O• .57116£+01
31 35 • 47500E+01 .20000£+05 O. O. • 20000£+01 O• O. Q.

:mm;8~31 30 • 22500£+01 .20000E+05 O. O. .20DOOE+01 O. O. O•
31 25 -.25000E+OO .20000£+05 O. O. .20000£+01 O. O. O. .3295EE-01
31 20 -.27500£+01 .200')OE+05 ? O. .20000£+01 o. O. O. -.26453£-02
31 15 -.52500£+01 .20000£+05 O. O. .200(jOE+01 O. O. O. .1:2547£+00
31 10 -.71500£+01 .20000£+05 O. G. .20000E+01 O. O. O• -.35229£+01
31 5 .... 10250£.. 02 .20000£+05 O. O. • 20000[+01 O. O. O. -.40<346£+05

Z = .3500£+02 TlHE = .7339£-0" DT .85"33£-06...................................................................................................................................
J I R B BR BZ EDDY+vISC TZZ TRR TaD TRZ

CM GAUSS GAUSS GAUSS CHICH-SEC ATH ATH ATH HH

36 50 .12250E+02 .20000E+OS O. O. .20000E+01 O. O. O. O•
3& '5 .97500E+01 :~g8~g~:8~ o. O. • 20000E+0 1 O. O. O. ._0915E+05
36 40 .72500E+0 1 O. O. .20000£+01 O• O. O• -.16187£+01
36 35 .47500£+01 .20000E+05 O. G. • 20000£"01 D. O. O. -.10799£ .. 01
36 30 .22500E.. 01 .20000E+05 O. O. .20000£"01 O. C. O. .37602E+00
3& 25 -.25000E+00 .20000E+05 O. O. :~83gg~:81 O. O. O. .12301E+00
36 20 -.275(10£+01 .20000£+05 O. O. O. c. O. -.15365£+00
36 15 -.52500£+01 .20000E+05 ? O. .20000E+01 O. O. O. .74799E-+00
36 10 -.17500£"01 .20000£+05 O. O. .20000£+01 O. O. O. -.70517E-01
36 5 -.10250E-+02 .20000£+05 O. G. .20000[+01 O. O. O. -.,.0912E+05

Z = .4000[+02 .7331:][-0,. DT = .85J3£-06.....................................................................................................................................
J I R B BR BZ EOOY+VISC TlZ TRR TOO TRZ

CH GAUSS GAUSS GAUSS GH/CH-SEC ATH ATH ATH ATH

41 50 .12250£+02 .2000~E+05 O. O. .20000£+01 O. O. O. O.
'1 '5 • <;!7500E-+01 .20000E+05 O. O. .20000£+01 O. O. O. .'0739£+05
41 '0 .72500[+01 .20000£+05 O. O. .20000E+01 O. O. O. .42006E+02
'1 35 • 47500E+01 .200110£+05 O. O. .20000£+0 1 O• O. O. .101:]45[+02
41 30 .22500£+01 .20000E+05 ? O. .20000E+01 O. O. O• • :!~243£+01
41 25 -.25000£+00 .20000£-+05 O. O. • 20000£+01 O. O. O. -.35165£-01
41 20 -.27500E+01 .20000£+05 O. O. .20000£"01 O. O. O. -.31965£+01
41 15 -. ~25QO£"01 .20000E+05 O. O. .201100£+01 O. O. O. -.93570£+01
~1 10 -.77500£+01 .20000£+05 O. O. .20000£+01 O. O. ? -.38720£+02
'1 5 -.10250£+02 .200110£+05 O. O. .20000£+01 O. O. O. -.40706[+05

.Ct500£+02 TIHE = • 7339E-O~ aT .8533£-06............................................................................................., .
J I R B BR Bl EDDY+VISC TZZ TRO TDD TRl

CM GAUSS GAUSS GAUSS GH/CH-SEC ATH ATH ATH HH

'6 50 .12250£+02 .200;OE+05 O. O. .20000[+0 O. O. O. O•
46 '5 • 97500£+01 .2aOOO£+05 O. O. .20000E+0 O. O. O. ."o697£+05
46 '0 :z;~ggf:gi :~gggg~:8~ o. o. .zoooO£+O O. O. O. .68965[+01
46 35 O. O. .20000£+0 O. O. o. .63641E-01
46 30 -:mgg~m :~g8g8~:8§ O. o. :mm:8 8: o. o. -.60769E-01
46 25 O. O. Q. O. .16162E-01
4& 20 -.27500£+01 .20000£+05 O. O. :mm:8 8: i: o. .30287£+00
46 15 -.52500£+01 .20000[+05 O. O. O. .16171£+01
'6 10 -,17500£+01 .20000E+05 O. O. .20000£+0 O. O. O• -.14337£+01
'6 5 -.10250£+02 .20000[+05 O. O. • 20000[+0 O. O. O. ....40955£ .. 05

Figure C.4 Output Table, Viscous Variables
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AE DC-T R-77-105

.7339£-04................ , "' " .
J I Q " 9R BZ EDOY+VISC TZZ TRR TOO TRZ

eH GAUSS GAUS'i GALSS Gt'4/CH-~EC ATM AIH AIH ~TH

S1
~~

.12250£+02 .lOnQOn-os o. O. .luOGGE-tOl &: O. O. D•

~i
• 9750JE+Ot • 2('000[+-05 o• G. .2JOOOE+1J1 O. O. .40Q51Et-QS

_0 • 72500£+01 .2uOllOE+OS O• t. .20000E+J1 O. t. O. -.ZOI.i75:t.+Q2

~t
35 • 475 0 ~ £ t- 01 .2000u£+05 C. C. .20000£+u1 8: t. O. -.6JI02Et-Ol
30 • 22500£+01 .20aOOff-OS o• O. .20 u( O~+O 1 O. O. -.72361E+OO

il 2S -.25000£+00 .2(iOiJ3E+05 O. G. .20JOuE+ul O. O. l. .16755£+00
20 -.27500£+01 .2GOOOE-H'IIj O. O. .200Ht;+Ol O. a. o. .67561£+110
15 -.5"25(Or+01 .200 ~ 0 E +- 05 O. G. .20000£+1]1 O. O. O. .1l2Slt8Et-Ql

S1
'~

-.77501)£+01 020000£+-!)5 O. O. .20000£+01 O. O. O. .13227£+02
S1 -.10250[+02 .200aO[.05 O. ,. .200::10[.01 O. O. O. -.tt0935E+OS

.5500E.02 TIME := .8533£-06

., •••••••••••••••••••••••••• " ••• , •• , 9 •••••••••••••••••••••••••••••• , .

J I R B IJP I:3Z EOOV.YISC lIZ TRR TOO TRZ
eH GAUSS r,AUSS GAUSS Gl'i/C"4-SEC ATH AT" ATH .ATH

S' !O .12250£+-02 .2(0'))E.05 O. U. .200CI1E.01 O. O. J. O•
56 _5 • ~75 OOEtO 1 • 2DOJOE+-05 O.

~ : .2£iJOOE.01 O. O. O. .40633E.05
5& _0

:~~~~~~:~t
.20 fl IJOE+05 O. .20'lOJEtJ1

~ : ,. O. .71371£+02
S6 'S .21l0JG£HJS O. G. .ZOOCCC:tJ1

~: O. .UIOI17E.02
SO '0 • 22S00E+01 .20000£+-05 O. O. .20000f+-Q1 O. O• .51635£+01
56 Z~ -. ,~il OOE. aC .200IJOf+-05 O. U. .21J00IJE+J1 8: o. -.58301E.-01
56 zt -. 27500£+-0 1 • 2000(lH05 O. G. .20000EH1 O• ,. -.tt7tt59E+01

§~
15 -.132500001 .20000E1o-05 O. G. .2 {j ~ 0OE +0 1 O. C. O. ....lttf'l.31E.·02

1€ -.7750')[+-01 .2(i0IJO(+-05 O. O. .200(OE+J 1 O. O. O. -.6Je87E+02
5& -.10250f.02 .20010E+ as o. O. .20GOOEt01 O. O. O. -.40579Et05

Z .6000£+-02 T I~E .7339E-04 OT... , , , .. , , " ,, , .
J I 0 B 8R BZ EDOH,VISe TZZ TRR Too TRZ

Ct-t (,AUSS I"",AU5S GAU~$ GH/CH-SEC HH ATH ATH I!TH

61 ,0 • 12?Slf.0 2 .20010£+')5 ,. O. .20DOOE+01 O. O. O. O•
H ~5 • C?7500E+01 • 20010E+05 O. O. .20000E+01 O• O. J • ,~O603[+O5

61

i~
• 72500F+01 • 20010£+-05 o• 8: .2iJOGQE+01 o. O. O • .99195[+01

61 • 1.t75JOn·01 • 200'IOE+1)5 O• .20000E+-I:11 O. O. O• d:857ttE.00
61 • 22500EIo-01 • 200)(lFIo-'15 1. U. • 21,/ J H£ + ~ 1 O. C• o• -.25JOttE+OO
61 25 -.25000£+00 • 20000E+-OS O. O. • 2COOOE+J1 O. a• O • .1819E£"'01
61 20 .... 27500E.0 1 .20000[+05 O • O. .20000E+01 O. O. O. .63697£+00
61 15 -.15250'£+01 • 2r)OiJ::JE+05 ,. G. .20000£+01 O. O. O• .26618£+01
61 10 -. 77lJOOE+O 1 • 20000£+05 3: o. .200ilOE.11 O. C. O • .28336EtCO
61 S -.10250E+02 .2)OJI"IE+05 O• .20i).:)OE+01 O. ;. O. -."o937£+05

Z • 6500~+0 2 .7J39E-Ott .6533E-06.................... ,...................................".,..............,.................................................
J I ~ f\ ~q 91 =.OOVtVISC TIl TRf< Teo TRZ

C" GAUSS GAUSS GAU~S GH/C~-SEC ATM 'TM ATH ATH

66 '0 • 1225QE+02 • 200,)0F"+')5 O. O• .2(1000£+1.1 1 O. O. O. O•

~~
_5 • C?7500E+-01 • 20!)'JI)E+05 n• c. • 20OCOE+0 1 O. O. ,. .tt100ttE+05
_0 .72500E+01 • 20000£+05 O. O. .20000£+-0 1 O. O• O. -.tt8091£+02

66
~fi

.i.t7500E+-01 • 20000£+05 o. O. .20 lJ OOE +~ 1 O. O. O• -.13656£.02
66 • 22500E+01 .2i)OOOE+OS O• U. • 20000E.111 O. C. O• -.211.t92E.01
66 2S -.,15000£.00 • 200']0£+05 O. C. .20000£+01 O. O. O• .J3286£+00
66 20 -.27500£+01 • 200JCf+fl5 O. O. .2u(JLOEt01 O. t. O • .22331£+01
66 1< -.52500£+01 • 20000£10-05 O. O. .20000E+O 1 O. O. 3 • .87727£+01
66 1~ -.77S00£+01 • 2QOilOE+05 O. ,. .20QGO£"0 1 O. O. O• .J1722E.+02
6' -.10250£10-02 .2(01)0[+05 D. O. .20000£"01 O. O. O. -.1.t0967E+05

Z = .700'JE+J2 TIHE .733QE-G4 OT .R533t-06......................, ,,,. , .
J r Q 8 BP 01 £DDV +VIse TZZ TR~ TOO TRZ

eM GAUSS GAUSS GAUSS GH/CH-S£C ATH ATH ATH ATM

71 '0 • 12250£+02 • 20000f+05 a• O. .20000£.01 O. O• o. O.
71 _S • C?7500t;:t01 • 2001)0£+05 O. ,. .20000£ .. :11 O. O• O. .1t0509£.05
71 _0 .72500£+-01 • 20QOJEIo-OS J: O. .2(10('0£"01 O. c• a. .10199£+03
71 3S • tt7500£1o-01 • 200l0£+05 G• .20000£tO 1 O• O. O. .2613:::E+02
71 ~g • 22~00E+O 1 • 20000E+05 3: c. .20000£+01 O. G• 3. .70583E+01
71 -.25000£+-00 • 2QOnOE+OS O. .2000&E+-01 O. C. O• .61692£-01
71 ZO -. 2750lJ£+O 1 .2(i(lI}Or.05 O. O. .20000£+01 O. O. O. -.01162£.01
71 1S -. S25CJE+-0 1 • 2(01)I1E-+05 O. ,. .200CCEt01 O. O• u. -.20621E+02
71 10 -.77500£+-01 • 20000£+05 O. O• .20000£+01 O. C. o. -.941511E+Q2
71 S -.10250E+-02 • 2JO"(lf+-05 O. O. .201100£+01 O. O• O. -.40426£t05

.7500[+02 • 133.9E.-0" OT = "S33£-06............ , , " " .
J I R B Sf.' HZ £Ooy .. v!se TIZ TRR TOO TRZ

eM GAUSS GAUSS GAUSS GH/CH-SEC AT" ATH ATH ATH

76 50 • 12251)£t02 .20031)£+05 O. O. .20000£t01 O. O. O• O.
7" _S • C:7500£+-01 .20000E+05 O. O. .20000£+01 O. O• o. .tt0665E+05
76 _0 • 725CryE+Ct1 • 200ClOE+OS O. ,. • 2IJOOOE+01 O. U• O• .11.t6JO£.02
76 3S • li7500E+01 .200'J0[+-05 O. O• .20]00[+01 O. O. O. .13000£.01
76 30 • n5CO[+01 .2001)(1£+05 O. O. .2uOOO£+01 O. O. O. -.6940lt£+00

~~
2S -.25000£+00 • 20000£t05 O. O. .20000£+111 O• O. O. .16"80£+00
20 -.2750:1£+01 • 20000f+05 O. O. .20UOOE+\l1 O. O• O. .15845£+01

76 1S -. ~2500E+01 • 20010E+-05 O. g: .20000E+01 O. O• O. ... 6199£·01
76 19 -. 77500E1o-0 1 .200+)OEIo-05 Q. .20000E+-J1 O. O. O. .22666E+o1
7t -.102S0£tO 2 • 20000E+05 Q. O. .20000Et01 O• O. O. -.40907E.05

Z = .8000E+1)2 .7339E- 0" .8533[-i)6......................................... , " .
J I r:;o B BR 92 [OOVtVISC TIZ TRfC TOO TRZ

CM GAUSS GAUSS GAU!::S GH/CH-S£C ATH AT~ ATH ~TH

Ai ~O • 122SJE+02 • 29000E.05 O. O• .20000E.01 U. O• u. O.
Ai _5 • Q7500E+01 • 20000£.05 O. C• .20000[+01 O. O• O. .41065£+05
Ai _0 • 72500£+01 .20000£+05 O• G. .200GO£>J1 O. O. O. -.66396£·02
81 3" • 4750uE+01 • 21.1030E+05 O. O• • 200LIIE+01 O. o• O• -.25043£+02

" -30 • 22501J[+01 • 20000[+05 O. O• .20000E+01 O. O• O. - ... 9615[+01
81 2S -.25000£"0(1 • 21)000[+05 O. O. .20000E+O 1 O. C• O. .1.t~659E+OO

" ZO -. 27500E.0 1 .20000£.05 O. O. .20000£..0 1 O. C. O. .48530£+01

" 1S -. 52500E+-0 1 • 20000£+05 O. O. .200rOE·01 O. O• O. .16122£+02
81

'~
-. 77500£+-0 1 • 20000£t05 O. O. .20000E+01 O. O• O. .57679£+02

" -.10250E+0 2 • 200,)0[+05 O. U• .200CO£+-0 1 O. O. O. -.41005£+05

Z = .8500£t02 .7339£-04 OT .e533£-06.................................................................................................................................
J IRe BR ~z [OOy+vIse TIZ TR" Tao TRZ

CH GAUSS GAUSS G.I\ USS GH/CH-SEC .11TH AT'" ATH .4TH

~~
SO • 12250[.02 • 20000[+05 O• O• .20000E+01 O. O. o. O.
_5 • C?7500£+01 • 200iJO£t05 O. O. .20000£·01 O• O. O. .40440[.05

.6 '" • 72501)E+-0 1 • 20000E+-05 Q. ,. .20000E+01 O. C• O. .13201E+03

:~
35 • 1.t7500E+-01 • 200::l0E+05 O• O. .20000E.01 O. U• O. .31574£+02
!~ • 22500£+01 • 20000E+05 O• O. .20000E+01 O. O• O. .81733£+01

g~ " -. 25003£tO 0 • 2tlOOOE+05 Q. O. .20000E+01 O. O• O. -.19188£+00
28 -.27501J[.01 • 20(1')0£+05 O. U. .20000£'01 o. O• O. -.11203£+01

86 1S -.52500£+01 • 20000E+05 O. O• .20000£..0 1 O. O. O. -,23241£+02
86 10 -.77500E.01 • 20000£+05 O. O• .20000£·01 o. O. O. -.110"3£+03
86 S -.10250E+02 • 20000£+-05 O. O. .20000£+01 O. O• O. -.I.tOJ1EE+05

Z = .9000E .. 1)2 .7339E-04 .f1533E-06......................................................................................" .
J I R 8 OR BZ EDOY+VISC TIZ TRR TOO TRZ

CH GAUSS GAUSS GAUSS GH/CH-SEC .11TH ATH AT" ATH

q1 SO • 12250£+-02 • 2001J0£+05 O• O• .20000E.01 O. O. O. O.
q1 _5 • ~75 OOE+O 1 • 200aOE+05 O. O. .20000£+01 O. O• O. ."0 .. 93E+05
q1 _0 • 72501)£+01 • 20000£·05 O. O• .20000E.Ol O. O. O• .21788£+02
q1 3S • li7500E+01 • 200;)0£+05 O. O. .20000£·01 O. O• O. .24894[.02
q1 30 • 22500£+01 • 20000£10-05 O• O. .20000£H1 O. O• O. ."8859£.01
q1 2S -.25000[+0 a .20000[+05 O. O. .20000£.01 O. O. O. -.267"2£+00
91 20 -.21500£+01 • 20000£+05 O. O. .2QOOOE+01 O. O• o. -.23476£HI1
q1 15 -. =2500£+01 • 20000E+-05 O. O. .20000£.01 o. O• O. -.35797£.01
q1 10 -.77501)£+01 • 20000£+05 ,. ,. .20000£.01 C. O• O. .23358£+02
q1 5 -.10250£.02 • 20000E+05 O. O. .20000[+01 O. O• O. -.ftOCJOOE+05

.9500£.02 .733QE-0't ,653JE-06............................................" " .
J I R 0 8R BZ EODY+VISC Tll TRR TOO TRZ

CM GAUSS GAUSS GAUSS GH/CH-SEC ATH ATM AT" ATH

q6 50 • 12250£.0 20000£.05 9 • C. .20000E·01 O. O. O.
q6 _5 • 137500E.0 20000E+05 O• O. .20000£"01 O. O. .40658£+05
q6 _0 • 12500E+0 20000£"05 O. C. .20000E.01 O. O. -.34258£+02
96 35 .47500£"0 20000£t05 O. O. .20000£'01 O. O. -.20365E"02
q6 30 .ZZSOO£'O ZOOOO£+05 O. O. .20000£+01 O. I. -.78660£+01
q6 25 -.25000£"0 20000£.05 O. O. .20000E.01 O. O. .21.t1f'l.9E.01
q6 20 -.27500E+0 20000£"05 O. O. .200011£+01 o. 8: .12 .. 31E+02
q6 1S -. =2500£+0 20000E+05 O. O. .20000E+01 O. .2"5.15E+02
q6 'g -.17500E+0 20000£+05 O. g: .20000£+01 O. O. .3"960E.02
q6 -.10250£+0 20000£+05 O. .20000£+01 O. o. - ... 100SE+05
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AEDC-TR-77-105

................................ , .."' .
4 --t ·.-POTWUAl .STJ<f:AI'I F'N!:T .._._._8 - .. .aaA . .ELECT.-CO-ND..__ ._._.----JL.-- ...JR. .EZ . . £R._ _.

VOL TS.E6 AHP1C~'36 GAUSS HHO/H E11 AHP/CHl AtiP/CHl GAUSSCH/SEC GAUSS CH/SEC...................................................................................................................................
1 42 -R -R. 201) 00H05 O. .10000£- 09- 0.. - iI-..- .-.. -R--R
1 37 -R -R .20000E+05 O. .10000E-09 O. O. -R-R

f ~~ :~ :~ :~8888~:8~ 8: :t88ggf:g~ g: -~:--:~ :~
1 22 -R -R. .20000E+05 O. .10000E-09 O. O. -R-R
-1-17 -I< -R-·· .....2-1l-0 M-£.+1l5.- -ll.. -.101l0-ll-E-",.ll-9--.-l4--.-- -.--- _.JI ... _._. . -.-.-.a. _.__ .. _-JL.
1 12 -p -R .20000E+05 O. .10000E-09 O. O. -R-R
1 7 -R -R .20000£+05 O. .10000E-09 O. O. -R-R
1 2 -R -R .20000E+05 O. .10000£-09 h· lI-o- -R·-R...................................................................................................................................

J I POTENTIAL SHEA'1 FNCT B BETA ELECT CONO JZ JR EZ ER
VOL TS.EIl AMP/Ct-'~8 GAUSS HHO/H E11 AHP/CHZ-·· .- JIi'IP7C11Z-··-ljAlJSSCH/SEC GAUSS CM/SEC....... " , .

.. .ft. - 42-- -_. ~ .- .. _~ ···-,..Z~-1l-S-· -.1l.,... .1(l..1lM-£...-Il-~ 0 --.---- .-.....n._-.-- ..--.-----.R... ... .-R-_
6 37 -.10936E+00 O. .20000E+05 O. .10000E-09 .26039E-02 -.45753E-02 .26039£+08 ... 45753E+08

~ H ::~~g~~~:3f :l~~~n:gi :~ggggng§ 8: :i8gg8~:g~ ::n~~i~:3i- ~l~£:gi·--~HU~~~U -:~g~~Ha~
6 22 -.56665E+01 .6314r:-01 .20000E+05 O. .10000E"09 ".10234E"02 -.20246£"01 ".75673E+08 -.26924E+09
6 17 -.62285E+01 .52137["01 .20000E+05 O. .10000E-09 .91841E-02 ".14995E"01 .68700E+07 .26597E+09
6 12 -.15596E+01 • 2457 0 E-01.· .20000E+05 O. .10000E-09 .1U51I"3E"-U1- .-IT826E"-~...nr9Z£+1l9 .74880£+01)
6 7 .78405E+00 -.25'l14E"02 .20000E+05 O. .10000E-09 O. O. O. O.
6- 2 -- • 7 640-~+'(w)"" ..14- --- .-.--... ...-.-2·0111lO E.+ 05- -' D•... ..--- .. -- --- _....11l1l0D.E..,..1l'). __..1l--... __.. ._-11•.-------14... __ ... . _J). . ... _....._._..........................................................................................................................................

J I vgl~~IUl ST~R~~-e~~~T. -G-*US~ _.. _ BErA. __ M~~~ ~~~O"IW/~~ - ---M4P-1~.!k----~ws-~HlSEC GAUSSE~II/SEe-..................................................................................................................................................... '

it ~~ :Ht~~~:g~ ~: :~gg~g{:g~ 8:' :i8ggg~:~9 -g.:.- ... --- ~:------_.~:. -... 3:-
11 32 -.34267E+01~. . .20000E+05 o. .10000E-0~ .10D30E+00 .39D10E-D1 '.10030E+10 .39010E+09

H --H ::~~~~~:tt·-:iititHgt--:igg~gft-rs· t-- .- :Ug~~I~§--;:-:~~~21~:8~ -'-~tlli*··-"~MH~~·- :ff~~1H1S .
11 17 -.32842E+01 .B89fE+00 .20000E+05 O. .10000E"09 .30537E-01 ".55386E-01 -.91082E+08 • 16591E+1D
11 1-2 .77125E+{}0 -.10IH1'!:+00 .200-oI)E+05 0-. .10-000£--0'30-.· .-0...--. -.----. - 9..-·· ... --lI.
11 7 .77125E+00 O. .20000E+05 O. .10000E-09 O. O. O. O•

•H "~n.~~~H~i:~2.. 2·.n ~~g-2~g~:g~ h .._ ...;H~H;~~h " g~.~~.;....... rn h ..
J I POTENTIAL STRI:A"l FtiCT B BETA ELECT CONO . JZ JR EZ £R

. -- ..--. -·\IOL Ts.ga .- -..·A~f'.lGJ·"';ta--... GA-USS··· -.- .--... -- ..HHO/.H-·.f11 ----- -.AWU-CK2__...AJiP..L!:ltZ----GAJJS.SCJUS£.C.-!i.AUSS .CIVS£C-..................................................................................................................................", .
16 42 .77125E+00 O. .20000£+05 O. .10000E-09 O. O. O. 0..
16· 37 .77125£-+00 O. ·.2001HlE+05 0-. .1-o00{)E-oq- 0-.- .-1h----.--.... {)"....--- .....-e•..
16 32 .10643E+02 .18944E-01 .2DOOOH05 O. .10000E-09 ... 48001E-01 ... 46379E-02 -.11666E,HO .2DII05E-+10
16 27 .26367E+02 .2391BE+00 .20000E+05 O. .10000E"09 -.89366E-01 .17347E-01 -.19115E+10 .3005!1i£+1D

i~ H :in~~~:g~ :~;~~n-g8 :~ggggr:~~ .g: :U1~I:gr -:n~m:u -:1l61U=rr---"-:1nm:n ~-:~~nlf:lr
--16.-. 12 • .1-364I1E+llJ........ 47..1%,£,-..1).1 • .2Jl.O-Jlll.Eto.ll.5-.. D._.._ ..__ --.1DDIUW;;.,.ll9...._.6.a27..z.e:.-0

'
- ...6889.E....IL1....~~ll6E:Ull __..._...2ll11501Jl..

16 7 .13648E+01 C. .20000E+05 O. .10000E"09 O. O. 0., o•
•U ~ ;.lH~~~:U h ;.~ggggHg~ h "" lU2gg~:g~ h _ lJu .!Iu•..8••uu ll ,..uu b "-~_

j I POTENTIAL STRI:A'1 FIICT B BETA ELECT CONO JZ JR EZ ER
VOL TS"E8 AI<P/Ct-'36 GAUSS HHO/H E11 AHP/CH2 AtiP/CM2 GAUSSCH/SEC GAUSS CH/SEC

••••" ¥ •.•-•••••• 1jI ".11• ••-:v:.-......................... •~.••~ ~••.••-. .....- ....
21 42 .13646E+01 O. .20000E+05 O. .10000£-09 O. O. D. . O.
21... __...3L_....3.115.3!i£±IJJL.""O"-.. _ ...... ....z..IUlD1l.U1l5.. __.l4- .__ .__ --4.iI11l1l1l£-...Jl.9-..._ 1200 DE-D' 0 . ...12.O./l..O£~Jl9---l4----.--'-._

H H :~gUf~:g~ :~~~5~~:gf :~8gg8~:8~ 8: :igggg~:g~ ::~~H~~:8i -:~~n~~:gi ::~2~~g~:g~ :~~iH~ag
~f H :g~gj~~:gf :Hg~~t~g··· :~g8mtgt 8: -: ig8gg~:gt -:rnm:tt--~~:n____:1U1Um- ~~~mfttt·
H 1~ :U8tH:gi ..:H~~H:3i :~8gg~Hg~ g: :Ug8g~:~§ lJ:,.8,07_4t;.':O_1_.__m:%~~~-8i---,r.3_9632E+0'3 ·:~~~;U:i9-
21 2 • 12044E+01 O. .20000E+05 O. .1DOOO£"09 O. O. O. O•....... ..
J -- I "()TENTIAl-:- S-T'.-EAMFNCT-----B------- B£-fi-----fL-EC,.--CONO _.- --JZ------ JR --EY- ----ER----···-

VOL TS.E8 AMP1C"'~6 GAUSS HHO/H E11 AMP/CH2 AHP1CM2 GAUSSCH/SEC GAUSS CII/SEC..................................... .v.- 4 ~ ..l;UiJ ~ 4 ~

~~ ~~ :Hg~~~:gi £:11Z,.~E-01 :~gg8g~:g~ 8: :i88g8~:g~ 8: 0:3254"3E"02 8: 0:32543E+OII
2& -- - 32 • 2-46111E +01 ."3677<:1:"-01" • "Zll 0-00 E+Ulj -0. .-. 1DllOO£"1l9- -.T311j"3£"..n-- ..·.T1r1-zz£·..UT-·.13C1DIETlT9"···.-Y9ZZ~1:U-··
26 27 .73960E+00 .4497I.E-01 .2DOOOE+05 O. .10000E"09 .69573£-02 -.15116E"01 .20405E+09 '.229!1i6£-+10
_2~ .. _.22.....•S.31I33£..t-D.ll. _..-+21li-2.r.£,._1l1. _-+.2.ll.llJll101l5-.4 .__._ .... -4-1.I11IllO£...D-9-_._~.lJ..2..-.o".~....n.1--. 2 t.f,44E+!JIj .. __.1ll.01l>£lll1-
26 17 .23745E-+01 .4036?E"01 .20000£+05 O. .10000E-09 - .. 84"390E-02 ".16834E-01 -.211116E+09' • 22346E+10

.-~t--..1~·-_:1!UU~&i - ~:':~o._O~E~O~··_·_~~m~z:· ....-: i8g8g~:~·- : ~~.:u-..;:!!-~~~...~~--.;~ H~~Ea~·--: nuun:-··
26 2 -.1464&E+01 O. .20000E+05 O. .1DOOOE"09 O. O. D. O•........... ". .
j I POTENTI A"l STFrA'l FNCT E ·tlET A ELECT CONO JZ - - --_. ;m-. .--. -. -no .-- -..-. ER·

VOL TS.E6 AHP1Ct-'36 GAUSS HHO/H E11 AMP/CH2 . AMP/CII2 GAUSSCH/SEC GAUSS CM/SEC.....................................................................................................................................................................................
31 42 -.14646£+01 O. .20000£+05 O. .10000E-09 O. D. D. o.
it .~~ .:H~!~~:g~ .:·Un~H8&·· :~~~8H~ ~: ...... ---------~-t~ggf:g~ -·;~~~g~+8~ .. :~~g~U-81 -:Hg~g~;U -:tuu~:n
31 27 .13962E+02 .240671'"-+00 .20000£+05 O. .10000E-09 -.461l15E-02 ".70649E-01 -.20299£+08 .13643EHD
31 22 .13991E+n2 .24838E+no ... 2nDOOE+05 D.. _.... _---+-illnJlJ)r..D..9.. -.52969E-03 -.69129E.. 01 -.2491"£+07 .qlt"5~E+n9

H g :B~H~:g~ :~~~~n:8g ,:~8ggg~:8~ 3: :i888g~:8~ :~~~~~~:g~ ::1e~gSE:81 :U~~~~:g: :~HJ~~:U
·-31- 7-· w-1;U1IH'+02-· .- .. 2-1"l1l-<'-f+1HI···· .. U-lI-oo-E+ll5 -·0..·~·-------.-1-G-~G1lE;-.g9----··..2~ 02 99082£ ~1 U011£t09 • §§~2~£·.99

.H ~ ;.~~HH:H••h ;.~~gg~Hg~..gh ;H2gg~;g2..h gh gl. h ~...
j I POTENTrAL STREA'II"NCT B "BElA· -. Et:E"CT -CONO . - -.rz-m_-_~·-------fi-~---·--m~_-~._.

VOL TS·E8 AHP1Ct-138 GAUS.S . HHO/H E11 AHP/CH2 AI4I'/CH2 GAUSSCH/S£C GAUSS CM/SEC................. "':9." .44 ••• " "''':.~ .v: '9:.~."" _••~ "'!':¥' ! ~••_••••~ .
36 - it2 .13110£+02 ? . . ..• 20o-6f£-'-os·· -0.· .fOOO-O£;;.-it9--o-,;- .----- -0-;---------0-·;------ - - ·tl~----··---
36 37 .60361E+02 .6046PE+OO .20000E+05 O. .10000E-09-.60405E+00 -.10218E+00 -.60ltD5E+10 -.1021I1E+1O

--~~ -- ~~- -·~~68~~m- ~~nt~ngg--·-=mtt~:~·i:----------·-=-ttg8~· :Ht~f~-g~ ...~U~U-8t .U!~~~~gt---;m~lffl:·-

~~ H :~~i~it:g~ i~g~~~:gg ... -~ill88~:g~ -8: :f8~gt:~ ..i~Ut~·-=*U~~~-gl ..:Hn~~m-:-:·u~m:n-
36 12 .59963E+02 .li;8171E+00 .2000DE+05. O. .10000E-09 ".89418£-02 ".89580E-01 -.11279E+l19 .72196E+09
~~ . ~ :~~~~Utg~ 0:59590£+00 ~~9g·ggH8~· .g.... ..-..lLHgg8f~9~·ii~3.5~!I..2-;;~~9..ll.HDf>·-··Il·.2·917.!~+O-CL

................................., l & l •••••••••••• , .
J. -1-·-- PG-T_£NT·!-A\; --Sl-fi-FA~ FNGl·-----·-8---- ·-----Be~A_-··_a_£GT~--.------.n-.----~---~---.-.~--Q.-----.

VOL TS.E6 AHP1Cl<16 GAUSS HHO/H E11 AHP/CH2 AHP/CH2 GAUSSCH/S£C· GAUSS eM/SEC
................................. 11 .

41 42 .lj993fE+OZ· 11.- ·-··-.-zOll1l1l£+lrS--D.-- --.10001t£..·013--·(}-.-~---1Itl"----1til·-·---1te-··_-··_-·-
41 37 .15545E+D3 .1190~E+01 .20000E+05 O. .1000DE"09 -.11371E+01 .35111£>E-01 ... 11371E+11 .35816E+1I9

tt ~i :Hg3i~:g~·- :~~:rH~g· :f8ggg~:g~--~:-- .-- :1g8~8t:~~--:mm:8t--::~UU~:8i~~--~HU·:U-
41 22 .14980E+03 .8737610+00 .20000£+OS O. .10000E-D9. .22504E-02 -.66296E"01 .25431iE;O~ .110710£+10

.-~ .11'....... -1-51135£....11-3-- ....M'}-S-2-£-+G-G--·-...-2-00 OOEtO§ ~.--------'---~~ .93499£ 02 ''"407£ 01 ~.4-8-~+4--G---
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Figure C.5 Output Table, Electromagnetic Variables
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Figure C.5
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Computer graphics for this program consist of the following:

(1) Time Histories

(2) Spatial Distributions

(3) Vectors

(4) Contour Mapping

(5) Grey-Level Scaling

(6) Trace Particles

(7) Three-Dimensional Perspectives

Animation is easily achieved by generating sixteen or thirty-fivemm
motion pictures from a sequence of individual frames of the above plots.
Sections 3, 4 and 5 of this report contain numerous examples of the
graphics which facilitates the analysis of problems under investigation.
A brief discussion of each plot follows:

(1) TIME HISTORIES

At a given cell or group of cells, it may be desirable to trace the
time history of certain variables such as pressure (Table C.1, Variable (9)>.
As an example, consider the following input (Fig. C.7), at cell I = 11,
J = 3, pressure is plotted as a function of time.

TPLTDL is normally input as zero, but may be assigned a specified
time interval at which time histories are plotted. In the event TPLTDL
is zero, NPLOT (hydro input), which specifies the cycle interval at which
data is stored to be plotted later, controls the number of time data points.
If TPLTMA, TPLTDE or TPLTDL are greater than T (e.g. 1.0), the last hydro
cycle time, then TPLTMA, TPLTDE and TPLTDL are set equal to T.

(2) SPATIAL DISTRIBUTIONS

The question often arises as to how certain variables vary in either
the axial or radial direction. Consider the MHD generator problem where
it is desirable to find the location of a discontinuity along the center­
line (Fig. C.B)

ISMIN
11
11
11

ISMAX
11
11
11

JSMIN
1
1
1

JSMAX
69
69
69

MCODE
9

.13
14

at cells I = 11, J = 1, 69, pressure (9), Mach number (13) and tempera­
ture (31) are plotted. The axial distribution of pressure, Mach number
and temperature reveal the location of this discontinuity at a specific
time.
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MOVIE IHIST ISPAT IPARAM ILINE ISC tOET tSYM IVEL RPV IPART
It 1 0 0 2 C 0 0 0 o. 0

ILOW tHIGH JLOW JHIGH JPOEL ICPDEL
1 22 1. 69 i i

~i~~OE+01
ZHIGH XLOW XHI GJi

.8100E+tt2 - .52 OeEt-02 .2800£+02
IHH~N IHHAX JHHIN JHMA)( '"'CODE HFRAME
11 11 339 0

IstlIN ISt1AX JSHIN JSHA~ NeOOE
1 22 1. 69 1.
1 22 ~ 69 2

TPLTtU TL THA TPLTflE
o. • 3882E-03 o•

'-- Input on Card as 1.0 (>.3882E-03) and
Program Redefines to this Value

MHO GENERATm 2 OX57o
o

+
W

I = 11 J 3

4.000

1=11, J=3 Location

3.000

1.000

0.000

O. .40E-01 .80E-01 .12E+00 .161:+00 .20E+00 .24E+00 .28E+00 .32[+00

TIME SEC
• 1 E + 04

Figure C.7 Time History
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.309TIME CMSEC)

MHO GENERATCR 2(1)(67

2
I

II

~
1:

TIME CMSEC) .309

MHO GENERATCR 2 (1)(67N

W

"gyrE I~rST J~PAT Ib"q~H I~I~E pc ~DEI is-V" .
IlOW IHIGH JlOW JHIGH JPDEl KPDEl

- ·1· . :I 2---_..- . --t- -- -- .$4.. ------ -4-.- ·---··1- -.----.--

~~g~OE+U J~~g~HZ -J~~~E+n J~n~+02
--tff----tff--·t<LOG +

8 7 0 w
._ .IS~I N.. I Wlt ...J.syltL.J~AX.tiCp.r. ------ -- -----.-,-

1 22 1 69 2 ' .
-ll-I NE·- .-. --- 2-- ------- ---_._-. --------------

IZMIN IZM"X JZHIN JZM"X HZODE HFRAME
11 11 1·69 'I 0

~-tr-- 1 6~ 11 0
11 11 1 69 31 0

T!PLTHI ·-!~~~~}.;rr-~~~~- ~~~~~~~-------

.OOE+OI

• I E+ 0 0
Z--AXIAL CM 1= 11,11 J= 1 69

MHO GENERATCR 2(1)(67
+
w

TIME CMSEC) .309

Z--AXIAL CM

.8OE·OI

• 1E + 0 0
1= 11 ,11 J= 1 69

Z--AXIAL CM

.OOC+OI

, 1E+ 0 0
1= 11 ,11 J= 1 69

Figure C.B Spatial Distributions
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(3) VECTORS

Vector plots provide a useful tool in examlnlng the magnitude and
direction of such variables as the velocity and electric currents or
fields.

Given radial and axial vector components at each cell, arrows are
drawn with a direction = tan- l (radial component/axial component) and a
magnitude proportional to the square root of the sum of squares of both
components. Thus, velocity vectors have a direction = tan- l (V/U) and

magnitude proportional to~v2. The proportional constant RPV was
originally meant to represent "rasters per velocity" (cm/sec), where
there are 1023 rasters along each axis. If the average velocity is
20000 cm/sec, in order to space vectors without overlapping, RPV is set
at approximately 0.001 so that the length of each arrow is approximately
20000 x 0.001 or 20 rasters. Forty or fifty arrows would then confort­
ably fit in each direction.

As an example of a vector plot, Figure C.9 depicts velocity and
current density vectors.

IVE1 = 1

RPV = 0.001
(velocity)

RPV = 100.0
(current)

IVX
IVZ

8 radial velocity
7 axial velocity

IVX
IVZ

26 radial current
= 27 axial current

JPDE1 1
KPDE1 1

arrows will be drawn at every cell in the axial and radial directions.

(4) CONTOUR MAPPING

Contours are lines of a constant property value. Contour maps
illustrate regions of weak or strong gradients and coupled with shade in­
tensity plots or 3-D plots, depict the direction of gradients. Sections (3),
(4), and (5) of this report contain numerous examples of contour maps. As
a simple example, consider the following input:

MOVIE = 3
ISC = -1
E1 = Minimum Contour Value
E2 = Maximum Contour Value
111 = Contour Variable (Table C.1)

Forty contours (fixed in program) will be drawn whose equidistant values
lie between E1 and E2. The contour map for this problem is shown in Fig.
C.lO. (Input data will be shown later in Fig. C.18).
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EXTREME
BOUNDARY
CELLS --+-

VECTORS
VELOCITY

CATHODE

CURRENT DENSITY

) .. . . . . . . . ... ..::::

.., ~~ ~ : . ). .~ \~ -: : : : : : : ..:: : : :
•• '·~1" ,- \l~\. ,. " ••••••.... ,"""', .. ,~~ .. "' .

... """" "~ .. \,, .
, ~ \ , " " " " " , <to ) • ). ~ ..

.. .. ~ • , 4 .. _ , " " " • " )., J J ~ J .. .. .. f .. ..

............ 41'."" t t .. J J J J .. J ..

.............. ,. t. t t t"" J J J <-

........ J " """ .J I J J .

•• • oo ",""", • .. J""' .
.... ,""", '1'1" ........•.

::~~~:::: ;~~~~::::.:::::::.
.. \ t t : .. ; : -: f ~~:: ~ : : : ~::: :

TIME (MSEC) .26

Note: Cells defining the eiectrode~pairs
(anode/cathode) must not lie on the extreme
boundary. In the-- example above, they lie
2 cells below this boundary. Simply make
RD values at least 1~ "DRO's" less than
Rmax [= R(l) + (KP2 - 1) * DRO] (See Fig.
C.2, page 215).

Figure C.9 Vectors
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CONTOUR MAP
PRESSURE

~3)~
J I

I::> <; )0 ~
~71' j

CURRENT STREAM FUNCTION

TIME (MSEC) .26

Figure C.10 Contours

228



AE DC-TR -77-105

(5) GREY-LEVEL SCALING

Grey-level scaling plots are generated by representing each con­
tour region of a contour map by a shade intensity or grey level. The
higher the value of the contour parameter in the contour region, the
darker or more intense the shading. The advantage to this type of scal­
ing is that it provides a rapid means for analyzing large amounts of
data in one concise plot. Contour plots suffer from the difficulty in
labelling different contours especially in rapidly changing regions,
whereas the combination of shade and contour mapping does so routinely.

The same data for contour mapping is used for shading with the ex­
ception that

MOVIE = 0

Figure C.II reveals a shade/contour map.

(6) TRACE PARTICLES

Trace particles as the name implies, traces or labels the trajec­
tory of a prescribed number of particles in a dynamic media. Initially,
particles are defined at specified locations (cells) and assume the ve­
locity and coordinates of that cell. After a series of time increments,
the particles move from cell to cell always assuming the velocity and
coordinate values of the cell that it lies in. Observing the motion of
these particles in time, the motion of the fluid may be more clearly
understood.

Figure C.12 illustrates tracer particles and Mach contours.

(7) THREE-DIMENSIONAL PLOTS

The data for creating conto~rs:

Grid Coordinates (X,Y)
Variable Z (e.g., P, M, T, etc.)

can be used just as easily to create a three-dimensional plot. The ad­
vantage of the 3-D graph is that gradient directions become apparent
(peaks, valleys) whereas they are not so with contours. Numerous 3-D
plots are shown in Figures C.13 through C.17. The only difference be­
tween contour data input and 3-D data input is that IDET = 5 in the
latter case.

In summary, a number of plots have been described which aid in the
analysis of computer results. The following graphs further illustrate
their contributions.
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Figure C.ll Grey-Level Scaling
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TIME CMSEC) .16 TIME CMSEC) .23

TIME CMSEC) .18 TIME CMSEC) .26

TIME CMSEC) .21

Figure C.12

TIME CMSEC)

Trace Particles
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Figure C.13 Three-Dimensional Electric Potential
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Figure C.15 Three-Dimensional Pressure

234

o



A
E

D
C

-T
R

-7
7

-1
0

5

235



AE DC-TR -77-105

12.50

11.00

9.50

8.00

6.50

5.00

3.50

2.00

Figure C.17 3-D and Contour Plots of ~
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Figure C.19a Shock in a Nozzle, Two 3-D
Perspectives
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Figure C.19b Nozzle Contours. Pressure, Temperature,
Density, Mach Number

239



AE DC-TR-77-1 05

I
:. 0 0.0001 0.00021 0.0002 0.0002

2 0.0002 0.0003
3 0.0003 0.0003
4 0.0003 0.0004

,. 5 0.0004 0.0004
- 6 0.0004 0.0005

7 0.0005 0.0006
8 0.0006 0.0006
9 0.0006 0.0007

DENSITY
O. 000 TD 0.00

TEMPERATURE
200.00OTD 3000.000

PRESSURE
0.000 TD

1:···_··~~·l=~·~III'~I!!!!~!~~~~~~~!!I~~!~~~~I~111111III
4 1320.0 1600.0

" 5 1600.0 IBBO.O
.- 6 IB80.0 2160.0

7 2160.0 2440.0
B 2440.0 2720.0
9 2720.0 3000.0

I...:l!! m
.~ 5 2.5 3.0

6 3.0 3.5
73.5 4.0
B 4.0 4.5
94.5 5.0

OENSI.TY

Figure C.20a Wind Tunnel Analysis
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Figure C.20b Wind Tunnel Analysis
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-
Figure C.23 Pressure, Temperature, Mach Number and

Density in a Nozzle
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Contour mapping alone does not provide information relating to If r II
supplementing these maps with a 3-D perspecti e, th peak n I II,
used in this figure to emphasize regions of si'Tlilar lac h nu r.

Figure C.23 Continued
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Figure C.23 Continued

247

AEDC-TR-77-105

Number

0.2
O. ~
0.6
0.8
1.0
1.3
1.5
1.7
1.9
2.1



A E DC-T R -77-1 05

~ililllllilliiiililliiill~

~-3'~'O'.17.'
9.3

ILIt
13.5

15.6
11.1

19.8

14_LLU-'-LLLlll LL .llll.Ll 1 L.L1LLLLLl...LL-LLLLLLl-LLLli.L.U-'-J "-' LUi"-'-L1iL.l-L.l':2'i~~·9

Figure C.24 MHD Generator Grid

248



,Jrlt::SSURE MIN .73B2t+OO MAX .1\l77E.+02 ATMOSPHt::rl£S

AEDC-TR-77-105

..........................................................................................................................................
itiiillili:::::::::::: iiiiiiiiiiiiiiiixxxxxxxxxxiiiiiiii::::::::::::::::'
111111111111......... ' '/// / / / / / / / / // / / // / / / / / / / / / / / / / // / •••••••••••
111111111111111. • • • • • • ' • / / / / / / / / / / / / / / / / / / / / /.1 / / / / / / / / / /.
111111111111111111 ••••• ' , , , / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / '
111111111111111111111 •• /, • , • • , , • / / / / / / / / / / / / / / / / / / / / / / / / / / / /.
U 11111111lid 1111 X///." •• , / // / / / / / / / // //// / / / / / / // / ///'
111011111111111111111109X//'" "// / / / / / / / / // / / / / / / / / / / / / / // /.
110111111111111111111"'9 X/ /' , , , '/ / / / / / / / / / / / / / / / / / / / I / / / / / /'
101111111111111111110flX/ /, • , , ,// / / / / / / / / / / / / / / / / / / / / / / / / /,
11101111111111111111110ilX//'" • '////////////////////////////'
101111111111111111I1X///'" •• '////////////////////////////.
11111111111111111111 •• /, , , • , , , '/ / / / / / / / / / / / / / / / / / / / / / / / / / / / '
111111111111111111 ••••• ' ," / / / // / / / / / / / // / / / / // / / / // / / ///'
111111111111111....... ' '// /// // / / / / / / / // / / / / // / / / ////// /' ••••
1111111111111. • • • • • • • • ' '/ / / / / / / / / / / / / / / / / / / / / / / / / / / / I / / / / •••••••••••
181888 ...... " ...... "" .... ' / II / / / / / II / / / / /XXXXXXXXXJ\/ / / III II .. It ........ " ........ " It"" It...............................................................................................................................................................................................................

'/X90111111

..........................................................................................................................................
MACH NU MIN O. MAX .ltl47E+OI OMLS

'/X9011111111

•;.; •• ::::::::::: :8ixxx~e~exxxxijR~ee000ici~iititi~iuAdii::::::::::::::::'
I' ••••••••• lIlIlIijXXXXAX XXXXXXil~9911"'1611111111111111111111111l1l1l1l ••••••••••
, , ,,' ••••••• lIl1ll1l1l1tl98il~atl9X999a9fl"'00"'1I11l'llllllllllllllllllllla••••
, "",' ••••• 1111111 01illillltl9il9999118El000"'IilIlIlIlIlIlIlIlIlIIlII1l9
I """ / •• 111111111111 1I"'0"'89a999~0"'160"'1601111111111I1jUllllllllla'
, """ / X9"'1I1111111 1I11"'00800000000011"'''IIIIIIIIIIIIIIIIIIIIIIIIIIIil'
, "'" / / X91il1l 1111 III 1I111il",e90000il000000"''''1I111111111111f11l1l1l1l0'
I ."" / / X8"'01111111111 111I0ilij811901il16"'0"'''''''01611011l'l1l1l1l11l11l1l1l1l0'
• ",'" / / XIl0011f1111111111111"'989891il"'IIIHI"'016"''''''''''III1I1I1I1I1I1I1I1II1''''
, "'" / / x90111111111111111111111110",ee"'0Iillil"'01il1il"'1I"'''''''III1I1I1I1I1I1111111111110 '
, """ / Ae0111111111111111111111"'''''''90'''001116'''110'''00011111111111111111111111''''
, """ / •• !IIl1l1l11l1l1111l1l1l000899998911"'160"'1il011111111111111I1fUllllllle'
, '" I • , ••••• 1I111111111111001609998999il91116016001111l'lIlIlIlIlIUIIIIII1I9
, , ,., ••••••• flIIIIII1I099998988XIl99ij99"'''011111111111111111111111111f1118 ••••
•• ••••••••• IUt8t:1 ~X.XXXXXXXXXX&EHHHH~k"UUHUUUUUI.tlIIlIU~ ••••.••••••
" •••••••••••• 8/ XXXijile9XXXX98tl98"'11l"'1I11111111111111111111111 ••••••••••••••••......................................................................

•••••••••••••••••••••••••••••••••••••••••••••••••••••• 1;1 ........................................................................
LJENSIH "lIN .3350£-03 MAX • 51\12£-02 GM/CM3

.................- ......................................................................
ei XXXX: : : : : : : : : : : : •; •••••• i : : : i i xxa0~ibtiiii"iaii88tiii: : : : : : : : : : : : : : : : :
8/.(,,(XXX... •••••• '" '//IXXXfoHH"~'!UUUUUllltdfUU"8••••-•••••• ·'···
9/XXXXXX.... ••• • •• ,. ·/IIXXX8EH?hUUUIIUII:IUilIIBX' •••••••••••••
9/XXXXXXX. •• •• I. , ••• I • I I 1 IXX1:l8Ii"UhliUlllllltlBX t • • • • • • , , • • • I ,
9/XXXXXXXX.. ttl t." t t '////XX8eliHUHiIUIlIIIIX" t. t""", "
9/XXXXXXXX/" ."." "" "IIIXX~~HHU!H!iI.IUXII'I ,.," I '1"
e/XXX)(XXX,c:I/' I • I , , t I • t • , • I I I , 'I I IXXt:lltUUUll8X " , • , • I I , , , I , I
91 XXXXXXXX/ / I I I I I I I tit I I I I I I I , I I I I)(Ut:l~(j88(l})( I I ••• I Itt' • I t I
8/XAXXXXXX//I,. It 111" t, " It " 111/X,SI::HHtttttax" '" " .". t "
8/XXXx..xXXXI/'" ,. I ""'" "" '11/XXl:ilthlUllla-X" '" "'" '" I
9/XXXXXXXX/" t I "'" tit' t//IXX880C40.IUIAXt •• " '" t I '" I
9/XXXXXXXX.. ." t'" t, '/IIIXX88088IUlllftJl.' t." It. I "" t
9/XXXXXXX. •••• ,. t'" t tll//XX88"kJtUUUlfiIll18X" t., t" It. t t,
8/XXXXXX....... • t t t, tll/XXX8ij~"a(UUuut•••tlX' ... .-•• " tit •• t I
9/XXXXX......... • 't' II I .... XX.fHHHHUUUUUUiUUI:IlIf18 •••••••••• It."
8/X)(.(X •••• •••••••• I ." I//XJ<fH?H;UUUUUUIIII18IUUUIM •••••••••••••••••....................................................................................... ...- ......................................................................

• /X90111118

MAGN PRESS MIN O. • 1!:>71E+02 ATMU:'PHE.f<E.S

.................................................................................................................................................
iiiiii: : : : : : : : : : : :iiiiiiiiiiiiiiiiiiiAiiitiiiiuiiitiii: : : : : : : : : : : : : : : : Ii

~ .1188111f1••••••••• 1111111f1.1I111111f11111111111111.1IfI11I1I1I.11I1I811f1.1I811111111. F>' n • n •••111111
811111.11111 ••••••• 111111111181111111111111111111111.111l1lil1li••1111811111111181111••••••fIIll 11111 1111
.11 III ••••• fllllflllIlIllIlI8l1f11II1I1I1I1II1III1I111111II1I1I11II11III11I11I1I1111811111111111111
1111 1188 •• 811181111111111111111111111118118111111111111111111111111111111111181f111111111111111III

1IfI1IfI1I_1IfI1IIIfIlIIIlIIIf1l1l1lfl1l1l1l1l1l1lfl1l..11IIIfIlIIIlIIIf1lllllllll1lllllllll1l........
1111 1111111111l1li1111111111111111111111 II 1111 II 1111111 II 111111111 fII 1111 II l1li11111..111111 II 11111.11
II. 1111111111111.111111111111.11111 .11111111111111.1111111111111111111111111l1li11111111111111111
1111 11111111111111111111111.l1li1 111111111111111111.1111111111111111.11111..111111.11181

~ 1 flllI lIlt11f1._ III1 ..
II. 11I1I1I1 IlIf11I1.II.1I11 1If1111f11111111.1111111111111118..1I11 1I111111111.1

I:. .::~~:::::::::::::::: I:::::::::::::::::::::::::::::::::
~ ••n _. 1I11 III1 II..IIlIIlh-.~ ..
11.1.1111 ••••••••• 1 •••1181111.11.1111•••1111••1111.111.1111.11111111••1111 •••••••••• 111111111
111111••••••••••••11111111..I1IIIIIIIIIIUIIIIIIIIIUIIIIUIiI •••••••••••••••• 1.......................................................................- .-.- ..-.-.-- ..--. ................" ... . ' - .

'/X901111111

~-JlA!lLAL- VELD C_. CM/SEC

'/X80111111

......................................................................
-.-.~~-...........-..--.- ........- ..--.- - - .-.. .-~~---- ~~ -.....................................................................

Figure C.25 Digital Plot of MHD Generator Variables

249



AEDC-TR-77-105

CUHkr:"II T - Z r.4!f\l -.l~J"t.+ul .1.ObEc+Ol AI1CUUL/SE.C

'/X9S....

...........................................................................................................................................

MAX .1~JbE.Ol A8CUUL/S'::C

..........................................................................................................................................

.. ~Alo;eij ~Hoot~HtJtHttl"HHi'·H"'H11:Hh;A+;""'Io:t"'~I1t;"1tft:h1~l:f ..

.. 8Ftp~H~~ '·H.htHIo1~J:ttiH;&fot"tt"'*~ tHHu:H'ijl:tEtl:t~t:H1"H1I:1ttl;t:HHHH1 W8tf~ ..

.. ijAloJ9to:lFH; ~":HH1t1"f~&e~8HI·Httojt1&thtt;FHH~':HH·II'HhHH1Iofth~t1f:fl:ft1t;l:Ht ijtHHHh.al:t ..
• ""'llllEl88 ••••• E".Flll .. ~"'~.. "WEl .. "El!t .. !Hl"'ElH".. !lEll1.HI"B!"''''HIl:!ElElIl .... !!B811H8''8El88llEl.
• HIHl8Blltl ...... Hl:liH'WSlll1 H"Il11l:!" .. llll""Fll1"llHI1 .. l1Bll Hl:l .. llBl1ll""ll&l1ll88 .. llBElB88ll" •
• ElllH8Elll&ElllH89 .. 1111FlR .. ""I1&.. l:ld .. &8 ..11l1ElWIl911 .. llEl R8lll1"lll1ll11 .. Ill1ll"B9llll&"El9ElEl"".
• FlFl ..981111'lSl:l&Fl .. HFl ...... ""'llElllll ..Fll18" .... llll"Ell1 .. ~El Ell:lB\'IEl".. ~iilH.."1lEl9BBll"llBBFl911El •
• 1l1l'l811.. ElSllll&"Hl111".. l1" .. llllllll"llllll111111 .. l111Fl" .. "Fl &8l:lWlI&"tl""IlWEll1889ElElllBllH9"ll.
• B....91a""...."" ..""ell""""'''' e .. lIllll ... W''''1I11W'lI1'''' .. i:I''ll''&W''"''''"ll''"""&lle"BIl19"".
• 9 .. H811..11FlllllEl"Fl'l .... BHIl .. Il ""..11Elfj .. l1" .. llBll ElIll1 ..11SW"..1""W8l1BElEl8l1lll1Bl:l ..9899ll.
• .. 8 ..Bll .. ElllEl .. 8fl!te'll:l9\'1 .. "w l:lllBllllEl ..l111~8El El .. llB!lll!tl1B9lll:lEll1flllBll1l8 ......HIB8811..".
• ElFl1l811FlEl,Hl •• Ell:lFlll .. 811 .... 9 ..1I.;"Hl1l:l9 ..HH"BllElllEllllll1e8ElllflElElElll"Il"B"Bll9Bfltl81188l:lll.
• 8B"911Fl"'l ••••• 'l"'ll"!l"'''IlS''llllllB8!11111El''''flllElBEl'lIll:l1l1l1ldlllltlllEl811llllElBllllllllIl1l89ll11 •
• 1l1l1l .. 88El ••••••• 8'l'l"B'1lll;l:ltlij!lll!lBlijElll8fjElllElEl""1~Bl;llllHElllll"El"El•••• 9B999911El.
• 9ij~~8A ••••••••• l1tH~b~I':HH.. toHHH:hHHH'IfHoj~~"'~I::ft:H"~~HttojHth~~tH;~~H~ •••••••••• 99t:U;.
• fHUHHi •••••••••••• ril;"litll;"1l;J4~l;lo;t;f.ltitt;I·Hhoj'·HHH:H'hH1l;thH:thlt:HH;•••••••••••••••••..........................................................................................................................................

, Ixas••••

i-IOTi.I\lT I "L MAX .c:>21E.Ol VULTS

'Ixan•••

, , 'III Xl:lllX;l"Bl1IH'I!!~III1I1I1~ltfllt••••••
, "III~XXxX~llejI!!IlI!!IHI~IIC1I1I1ItIt........ • •••
, • 'III XXXXX"llllBllllltlllllhlll.ItIt••III1...... • •••••••

'" '1IIIXXXX"""EliHllHlllltlllllllllt••III1I1 .
• • • • , , , '1111 XXXXElBEl8illll!.III1I1I1I1ItItIlIlIl......... •

• • , • , , , , '-1111 XXXXltlll;Elill!!ililllllllllllllll.It••••••••••, ••• ". I." .IIIIXXX811B"ill!!illdll~III1I1I1I1I1I1I1••II••••••
• , I , '111111' , '1111 ~x XBBEl816111'1IHIItIlIlItIlIlIlItItIl••••••••

, • • • '111111111' 1I11 UXBllllllill!!ilillllllllllltllltlltillt•••••••••••••••••••
, •• , , 1111111111' I111 xx Xa"""i'll!!ill<lllltllllltltlllllllllllllllltl•••••••••••••••
• , • , '1111111111'1111 XXXElElllElPll!!ill<lllllltllllllll.ltillllllltlll•••••••••••••••

, • , , '111111111'1111 XXXllBdl:lill!!"IdIlItIlIlIlIlIlItIlIlIlIl .
, , , , • 111111' , '1111 XXXElElEl8ill!!ilI6111111111l1l1l1l1l1l.1I••••••••

• , • , • • , , , • , I1111 XX XB!;BlllllllililIlIlClItIlIlIlIlIlIl•• III1•• II••1I
, • , • •• , I , 1III XXXX81111Bil"ill<lllllllllilllll.IlIlIlIlIl•••••••

• " , •• "IIIIXXXX!t9ll8ilIH11I1I1I1I1I1I1I.t1.II.......... •
• , , '1111 XXX Xll811el<lll"1I111111~illlltllll.II •••••••••••••••••••

, • 'III ~X UXB8l:l11l<l"~1I11111111111111••II....... • •••••••
, • 'III XxXXXIIi3"81l1!!1t1l1l1l1l1l1l1l1l........ • •••
, , 'III XllBXXEle"B"'''ItIlIUIIIIUIIIIl......

MIN MAX ••Hl33E.04 UEb K

'Ixes••••

...... • •••••• llllllltl6llElXXIII· , , , •• ,

....... • ••••••••II.IHIl<l1l8XXIII' , , ••• ,

........ • •••U ••••II.1l1lIlilil8ElXXIII' ••• , • •

......... .1l1l1l....III••••i1I1I1.l<lil98XXIII'·"'·m....... ...III11IlIllIlIll••• Ulllllllllllofi'lllH~)(/II' , , • ,m.... .1l1ll••IlIlIl.Il••••• II•••IIIl.lIllilB8x.III·"'·...:::: :::=:==::::::::::::::::=::~~=~~~~;;: ::,
••••••• ..Il..IIIlIlIlIlIl.Ill•••••••IIt111lllllllllofil ..8.XII' , •
••••••• • .....11 II II II ll•• II••Ill••U llllll II II llli.lilllll XXII ' , ,
...................II.11Il••••••••••lIl1l1l111l1ililB9XXIII' , ••
•••••••••••••••Il II.II lIl1l1l1l1l1ill<l811XXII· • , , •
•••••••••••••Il Il11Il••••••••••11llllllllilil88XXIII' , , , •
•••••••••• 1l1ll1l.1I11 III1UllililflHXXIII"'"
......... UIlIll IIIII1l1ilBFlXXIII"·'"
•••••••• 1l••II•••• II•• llllllllllI'18BXXIII' • • , , , •
••••••• 1l••••••••lIl1l1llil98XXIII·""'·
•••••• 1l••••••lIlllllhIElllXXIII' , • , , ••

Figure C.25

250

Continued



SHOCK INDUCED
EDDY CURRENTS

AEDC·TR-77-105

.:,::::::
.~ /\~

Figure C.26 Eddy Currents in an MHD Channel,
Induced by a Shock (16-mm Computer
Movie)
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Figure C.27 Transient Pressure Distribution
(16-mm Computer Movie)
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C.5 TEST CASES

This section contains a list of card inputs for approximately 20
"test cases" which were used to develop the numerical solutions presented
in this report. A list of these cases and their central processor execu-
tion times follows.

Cp+
Title Location Cycles Minutes Grid

1. Flat Plate Auburn 300 65 25 x 150
2. MHD Generator-Inviscid Auburn 200 41 20 x 150
3. Simple Nozzle Auburn 100 21 48 x 48
4. SOR Auburn 10 4 14 x 40
5. Inviscid Nozzle Flow Auburn 50 15 48 x 98
6. Couette MHD Auburn 2500 12 9 x 3
7. Shock Tube (Theta-Field) AEDC 200 4 10 x 97
8. Turbulence AEDC 200 4 25 x 50
9. M-117 Auburn 25 87 100 x 300

10. Nozzle Flow Auburn 250 35 25 x 80
11. Ablated RV* AEDC 20000 127 50 x 100
12. Nozzle Choking/Shocks* AEDC 2000 109 25 x 80
13. Shock Induced Eddies* AEDC 200 238 24 x 70
14. Sonic Line AEDC 1000 71 50 x 110
15. 3 Electrodes AEDC 100 6 30 x 103
16. Nozzle Flow AEDC 200 4 25 x 49
17. One Electrode (Beta = 5)* AEDC 75 13 24 x 40
18. Projectile AEDC 800 91 50 x 110
19. Re-Entry Vehicle (M = 22) AEDC 250 40 50 x 150
20. Viscous Diffusion AEDC 100 8 sec 9 x 3
21. Couette Flow AEDC 260 15 sec 9 x 3
22. Thermal Couette AEDC 1100 1 9 x 3
23. Sound Wave AEDC 200 5 14 x 40
24. MHD Generator Eglin 1000 200 42 x 98

Auburn Computer: IBM 370 (5/1)+

AEDC Computer: IBM 370 158

Eglin Computer: CDC 6600

+CP Time Based on CDC 6600

*Generated Movie ~ CP Time Predominately for Graphic Commands
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O. 50. 9
O. 1. 1. 1.

0 0 2 0 2
1 46 1 152

-12.5 27.5 -30. 10.
1 46 1 152 1
1 46 1 152 2
1 1 1 152 9
1 1 1 152 13

O. 1.
0 0 0 0 2 0 0 0 1 0.00015
1 46 1 152 3 2

-0.5 7.5 -1.5 6.5
8 7
1 46 152 1
1 46 152 2

O. 1. 1. 1.
0 0 0 0 2 -1 0 0 0 O.
1 46 1 152

1.0 8.5 -1.0 6.5
1 46 1 152 1
1 46 1 152 2

0.95 16.5 9
O. 1. 1. 1.

0 0 0 0 2 -1 0 0 0 O.
1 46 1 152

1.0 8.5 -1.0 6.5
1 46 1 152 1
1 46 1 152 2

0.1 3.9 13
O. 1. 1. 1.

0 0 0 0 2
1 46 1 152

0.5 8.5 -2.5 5.5
2 20 10 10 3
1 46 1 152 1
1 46 1 152 2

O. 1. 1. 1.
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M-l17 SUBSONIC
100 300 1 50 1 0 -1 1 1 1 0 1 15 0

O. O. -0.12 0.1 -0.21 0.2 -0.2B 0.3
-0.34 0.4 -0.39 0.5 -0.43 0.6 -0.46 0.7
-0.48 0.8 -0.49 0.9 -0.495 1. -0.498 1. 1
-0.5 1.2 -0.5 2.4 O. 6.

1 15 15 1 0 -1
0.06 0.0333333 -6.060 -3.37995 O. 1. 0.75
0.001314 o. O. 0.2406E 10
t. 1. 29. O.

1 1 102 302
0.001314 15000. O. 0.1956E 10
t. t.

0 0 0 0 2 -1 0 2 0 0.0010
1 102 75 225 1 102 1 302

-10. -2. -4. 4.
1 102 302 1
1 102 1 302 2

0.89 0.97 9
o. 1. t. t.

0 0 0 0 2 0 0 2 1 0.0010
1 102 1 302 3 3

-10. -2. -4. 4.
8 7
1 102 302 1
1 102 302 2

o. 1. 1. t.
3 0 0 0 2 -1 0 2 0 0.0010
1 102 1 302

-10. 2. -6. 6.
1 102 302 1
1 102 1 302 2

0.91 0.95 9
o. 1. 1. 1.

3 0 0 0 2 -1 0 2 0 0.0010
1 102 1 302

-10. -4. -3. 3.
1 102 302 1
1 102 1 302 2

-0.75 0.25 17
O. 1. 1. t.

3 0 0 0 2 -1 0 2 0 0.0010
1 102 1 302

-10. -4. -3. 3.
1 102 302 1
1 102 1 302 2

0.42 0.47 13
o. 1- 1- 1.
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Subroutines
"Dummied" Out

NOTE: Labelled Common Blocks vi ·to V32 have
since been renamed: CARRAY, COUTP,
CMESH, CBOUND, etc.

AEDC-TR-77-105

THERMAL DIFFUSION
9 3 0 1 0

10 1 2 500 1 100
1.0 .2 O. -1.1 .01 .01 .75
1. 100.
O. 1. 29. O.

1 5
1. 200.
O. 1.

11 11 5
1. 200.
O. 1.

FUNCTION CONO(K.J.IHALF.JHRLF)
COMMON IV141 NMRGN.NTHRM.NVISC.NCONV.IPOT
NTHRM=l
COND=l.
RETURN
END
FUNCTION CV(K.J.KHRLF.JHRLF)
CV=l.
RETURN
END
SUBROUTINE HULLPI i
RETURN
END Subroutines
SUBROUTINE HULLP2 "Dummied" Out
RETURN
END

MAGNETIC DIFFUSION
9 3 0 1 0

10 1 2 500 1 100
1.0 .2 O. -1. 1 .01 .01 .75
1. O. O. 1. 100.
O. .0796 29. O.

1 1 5
1. 1. 200.
O. .0796

11 1 11 5
1. 1. 200.
O. .0796

....

SUBROUTINE HULLPl
RETURN
END
SUBROUTINE HULLP2
RETURN
END
FUNCTION SIG(K.J.KHRLF.JHRLF,KJ)
COMMON IV141 NMRGN.NTHRM,NVISC.NCONV.IPOT
SIG=1.
NMRGN=l
RETURN
END
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VISCOUS DIFFUSION
-29 3 0 1 0

1.7 O. 1.7 10.
10 1 2 50 100

1.0 •2 O• -1.1 .01 .01 .75
1. 100. O. 0.1929E 10
1. 1. 29. O.

1 1 5
1. 200. O. 0.1929E 10
1. 1.

11 1 11 5
1. 200. O. O.1929E 10
1. 1.

FUNCTION GAHM(I.J)
GAMM=1.
RETURN
END

SOUND WAVE
14 40 0 0 -1 0 -1 -1 0 0
40 10 2 10 1 100

1. 1. -0.5 -0.5 O. 1. 0.75 O.
0.001 O. O. 0•. 1956E 10
O. 1. 29. O.

1 1 16 1
0.0011 O. O. 0.1956E 10
O. 1.

0 0 0 2
1 16 42

-1. 7. -2.5 5.5
16 42 1
16 42 2

1 1 42 9
0.000001 1.

0 0 0 2
1 16 42

-1. 1. -2.5 5.5
16 42 1
16 42 2
1 1 42 9

O. 0.00000001
0 0 1 0 2
1 16 1 42

-1. 7. -2.5 5.5
16 42 1
16 42 2
1 1 42 9

O. 1.0
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125.
1

1
5

o

o

o

o

o

0.125

0.125

7
1.

1.
-1

-1o 2
52

-0.125
52 1
52 2

52 1
52 2

1.
o 2

52
-0.125

52 1
52 2

0 0 0 2 0 0 1 125.
22 1 42 10 1

5. -1. 5.
7

22 42 1
22 42 2

1. 1. 1.

TURBULENT JET
50 0 0 0 2

1 10 200 1 200
0.005 -0.005 -0.0650 .00001 .00001 1.

1.0
1. 29.

1 27 52
1.0 1.5
1.

o 0
27 1

0.20
27 1
27 1

1. 1 7
1. 1. 1.
00020

27 1 52
0.20 -0.125 0.125

7
27
27

1.
o 0

27 1
0.10

27 1
27 1

0.99
1. 1.

FUNCTION EDDY (I,J )
COMMON IV11 R(52),Z(152),DR(52),DZ(152),U(52,152),V(52,152),

1E(52,152),RHO(52,152),B(52,152)
REAL RIII8
U1=1.0
EDDY=0.0141110.098I11Z(J)IIIU1
RETURN
END

O.

-1.

O.

BLASIUS FLAT PLATE (RE=2500)
25 150 1 0 0 -2

0.048 O. 0.048 0.4
50 1 8 50 1 250

0.002 0.002 -0.001 -0.001 0.000001 0.000001 1.
0.001 .1929 E 10
0.0001 1. 29. O.

1 1 27 152
0.001 833.33 .19290E 10
0.0001 1.

o
1

8
1
1

25
100

0.01
0.0023
0.0023

14
0.0023
0.0023

3
1

-0.05
1
1

-0.1
O.

o
1

-0.05
8
1
1

o
1

-0.15
1
1

0.01
O.

FUNCTION GAMM(I,J)
GAMI1=1.0
RETURN
END
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CoUETTE FLOW
9 3 1 0

100 1 100 1000
1. . 2 .0100 .0125 1•
0.0023 .1929 E 10
0.0023 l. 29. O.

1 1 5
0.0023 .1929 E 10
0.0023 1.

11 1 11 5
0.0023 1. .1929 E 10
0.0023 1.

FUNCTION GAMM(I.J)
GAMM=1.1
RETURN
END
SUBROUTINE SPEC
COMMON IVl1 R(16).Z(042).OR(16).OZ(042).U(16.042).V(16.042).

lE(16.042).RHo(16.042).B(16.042)
COMMON IV41 KMAX.JMAX,KPl,JP1,KP2,JP2.IAXI,ITURB,ISYM(4)
EO=1000.
P=-5.lIlP
DO 1 J=l. JP2
DO 1 K=1.KP2
CJ=J
RHO(K,J)=0.0023
V(K.J)=O.
E(K,J)=CJIIlP+EO

1 CONTINUE
RETURN
END

CoUETTE FLOW WITH HEAT TRANSFER
9 3 1 0

1000 1 100 1000
1. O. 1 -0. 05 •0050 •0050 1•
0.0023 1.0
0.0023 1. 29. O.

1 1 5
0.0023 1.
0.0023 1.

11 1 11 5
0.0023 1. 1.5
0.0023 1.

1 2
1 12 1 5

-110. 290. -350. 50.
1 12 1 5 1
1 12 1 5 2
1 12 4 4 7

O. 1. 1. 1.

FUNCTION GAMM(I.J)
COMMON IV21 VISC
DRTR IKT/OI
GAMM=1.0
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0.05

4

2.

2.

.0005
2.

o
.0005

.1929 E 10
O.

.1929 E 10

.1929 E 10

1
2500

29.
5

5

500

11

1.
1
1.
1.

1
O.
1.

RETURN
END
SUBROUTINE SPEC
COMMON IV11 R(1S).Z(D42).DR(1S).DZ(042).U(1S.042).V(1S.042),

lE(1S.042).RHo(1S.042),B(1S,042)
COMMON IV41 KMAX,JMAX,KP1,JP1,KP2.JP2.IAXI.ITURB.ISYM(4)
DO 1 J=1.JP2
DO 1 K=1,KP2
CJ=J
RHo(K.J)=0.0023
V(K.J)=O.

1 CONTINUE
RETURN
END
FUNCTION CoND(K.J,IHALF.JHALF)
COMMON '/V141 NMAGN.NTHRM,NVISC.NCONV.IPOT
NTHRM=l
CoND=1./8.-0.0023
RETURN
END
FUNCTION CV(K,J.KHALF.JHALF)
CV=1.
RETURN
END

COUETTE MHO
9 3

250 1
1. .2
1.0
1.0

1
1.0
1.0

11
1.0
1.0

1.

50.

21
12 1 5

290. -350.
12 1 5 1
12 1 5 2
12 4 4 7

1. 1.
SUBROUTINE SPEC
COMMON IV11 R(52).Z(152).DR(52),DZ(152).U(52,152).V(52,152),

1E(52. 152).RHo(52. 152).B(52. 152)
COMMON IV41 KMAX.JMAX.KP1.JP1.KP2.JP2,IAXI.ITURB,ISYM(4)
COMMON IVSI TIME.DT,NCYCLE,NMAX,MINDT,MAXDT
COMMON IV231 BR(52,177).BZ(S2,177)
REAL R1Il8
DO 1 J=1.JP2
BZ01. J)=O.
BZ(1.J)=BZ(2.J)

1 CONTINUE
RETURN
END
FUNCTION SIG(I,J.K.L,M)
COMMON IV141 NMAGN,NTHRM.NVISC.NCONV, IPOT
SIG=1. 0
NMAGN=1
RETURN
END
FUNCTION GAMM(I.J)
GAMM=1.0
RETURN
END

O.

1
-110.

1
1
1
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SHOCK TUBE (NO FIELDS)
3 97 0 0 -1 1 -1 0 0 2

4. O. 4. 100.
200 2 3 200 200

1.0 0.1 O. O. .00000001 • 1 .75 O.
0.01314 0.1957E 10
O. 1. 29. O.

1 1 5 48
0.01314 0.1957E 10
O. 1.

1 49 5 99
0.001314 0.1957E 10
O. 1.

0 0 6 0 2 2 0 .001
1 5 1 99 3 2

-1. 99. -70. 30.
1 5 1 99 1
1 5 1 99 2
2 2 1 99 7
2 2 1 99 9
2 2 1 99 11
2 2 1 99 13
2 2 1 99 14
2 2 1 99 16

O. 1. O. O.
SHOCK TUBE ( THETA FIELD )
3 97 0 0 -1 1 -1 3 0 0

200 2 3 200 1 200
1.0 0.1 O. O. .00000001 • 1 .35 O.
0.01314 0.1957E 1010000.
O. 1. 29. O.

1 1 5 48
0.01314 0.1957E 1010000.
O. 1.

1 49 5 99
0.001314 0.1957E 1010000.
O. 1.

0 0 0 0 2 -1 2 0 0 .001
1 12 1 99 3 2

-1. 99. -70. 30.
1 12 99 1
1 12 1 99 2

6500. 12500. 16
O. 1. 1. 1.

0 0 6 0 2 2 0 .001
1 5 1 99 3 2

-1. 99. -70. 30.
1 5 99 1
1 5 99 2
2 2 99 7
2 2 99 9
2 2 99 11
2 2 99 13
2 2 99 14
2 2 99 16

O. 1. 1. 1.
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ABLATEO RE-ENTRY VEHICLE
50 100 0 -1 1 1 1 0 1 16

-38. o. -38.0 1. -37. 1.5 -28. 5.
-26. 6. -24. 7.5 -23. 8.3 -22. 9.5
-21. 11 • -20. 12.8 -19. 15. -18. 17.4
-17. 19. -16. 20. -15. 20.6 O. 22.0

500 5 5 50 1 1500
1.00 1.00 -0.5 -51.50 O. 1. 0.75
0.00134 .1929 E 10
O. 1. 29. O.

1 1 1 102
0.00268 0.000 300000. 4.6929E 10
O. 1.

3 0 0 0 2 -1 0 .00015
1 52 1 102

-60. 10. -SO. O.
8 7
1 52 102 1
1 52 1 102 2

O. 200. 9
O. 1.

3 0 0 0 2 -1 0 0 .00015
1 52 1 102

-60. 10. -SO. O.
1 52 102 1
1 52 102 2

O. 9. 13.
o. 1. 1. 1.

0 0 0 0 2 -1 0 0 .00015
1 52 1 102

-60. 10. -SO. O.
1 52 102 1
1 52 1 102 2

O. 4100. 31
O. 1.

3 0 0 0 2 -1 0 0 .00015
1 52 1 102

-60. 10. -so. O.
1 52 1 102 1
1 52 1 102 2

O. 4100. 31
O. 1. O. O.

RE-ENTRY VEHICLE M=22
SO 150 0 0 1 0 -1 1 1 1 -4

O. 37. -2. 39. -6. 43. :"16. 92.
250 10 10 50 1 250

1.0 1.0 -0.5 -51.5 0.1000E-I0l. 0.10
0.0012 O. O. 0.2000E 10
100. 1. 29. O.

1 1 52 32
0.0005 1500000. o. 113.28E 10
100. 1.
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O.

O.

0.00000

0.000025
1

O.

o

o

o

1
3

o

o

2

2

2

2

O.
1

125.

55.

55.

55.

o

36

o

-1

13

-1

55.

13

2

2

1
2

2

o 2
152

-125.
152 1
152 2
152 9

O.
2 -1

o
152

-55.
152 1
152 2

152
152

a
152

-55.
152 1
152 2

000
52 1 152

105. -55.
7

52
52

1.
o 0

52 1
105.

52 1
52 1

20.
1.
000

52 1 152
105. -55.

52 1 152 1
52 1 152 2

1.5000E 07
1.

a
52 1

200.
52 1
52 1

2 1
1.

0
1

-5.
8
1
1

O.
3
1

-5.

1.
O.

3
1

-5.

O.
O.

0
1

-50.
1
1
2

O.
000
1 52 1

105.
52 1
52 1

20.
1.

SUBROUTINE SPEC
COMMON IV11 R(52).Z(152).DR(52).DZ(152).U(52.152).V(52,152).E(52,

1152).RHO(52.152).B(52.152)
COMMON IV61 TIME,DT.NCYCLE.NMAX.MINDT,MAXDT
COMMON I V7 I RHOO.VZ.VR,BO,EO,VISCO,PERMO,SIGO,CONDO.CVO.VELOC

1.PHIO
COMMON IV151 STAB.ARFV
COMMON IV251 DE(52.177), IOBK(202),IOBL(202),DANGLE(202),IDFN
REAL R1Il8
DATA IKT/OI
IKT=IKT+l
IF(IKT.GT.l) GO TO 5

5 CONTINUE
IF(NCYCLE.GT.I00) STAB=0.25
IF(NCYCLE.GT.200) STAB=0.50
IF(NCYCLE.GT.400) STAB=0.75
J=94
DO 1 K=36.52
IF(U(K.J+l).GT.O) GO TO 100
RHO(K.J)=RHo(K,J+l)
U(K.J)=-U(K,J+l)
V(K.J)=V(K.J+l)
E(K.J)=E(K,J+1)
GO TO 1

100 RHO(K.J)=RHoO
U(K.J)=VZ
V(K.J)=VR
E(K.J)=EO
RETURN
END

1.
O.

-5.
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PROJECTILE (1/l>
50 110 1 0 -1 1 1 1 0 0 3

O. 50. -10. 60. -10. 180.
200 5 5 40 1 800

1. 1. -0.5 -51.5 O. 1• .75
0.00134 •1929 E 10
O. t. 29. O.

1 1 52 1
0.00268 80000. .51000E 10
O. 1.

0 0 0 0 2 0 2 1 .0004
1 52 1 112 3 1

o. 100. -50. 50.
8 7
1 52 112 1
1 52 112 2

O. 1. 1. 1.
3 0 0 0 2 -1 2 0 .0015
1 52 1 112

O. 100. -50. 50.
52 1 112 1
52 1 112 2

O. 2.501 13
O. 1.

0 0 0 0 2 -1 2 0 .0015
1 52 1 112

O. 100. -50. 50.
52 1 112 1
52 1 112 2

o. 2.501 13
o. 1. 1. 1.

NOZZLE FLOW
25 80 0 0 -1 0 1 1 1 1 0 1 4

0.6900 o. 0.2800 0.6 0.6900 1.30 0.69 2.70
125 10 10 250 1 250

0.3333E-Ol0.3333E-Ol-.1667E-Ol-0.01667 0.0 0.1000E 010.3000E 00
.001314 O. O. •19570E+l00.
O. 1. 29. O.

1 1 27 1
0.015 O. O. • 19570E+l00. O. O.
O. 1.

0 0 0 0 2 0 0 2 1 0.0015
1 27 1 82 2 2

-0.5 1.5 -1. 1.
8 7
1 27 82 1
1 27 82 2

O. 1. t. t.
3 0 0 0 2 -1 0 2 0 0.0015
1 27 1 82 2 2

-0.8 1.2 -1. 1.
1 27 1 82 1
1 27 1 82 2

O. 2.3 13
O. 1. t. 1.

0 0 0 0 2· -1 0 2
1 27 1 82

-0.8 1.2 -1. 1.
1 27 1 82 1
1 27 1 82 2

O. 2.3 13
O. 1. t. 1.

3 0 0 0 2 -1 0 2 1 .0015
1 27 1 82 2 2

-0.8 1.2 -1. 1.
8 7
1 27 82 1
1 27 82 2
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O. 2.3 13
O. 1. 1. 1.

a a a 0 2 -1 a 2 a 0.0015
1 27 1 82

-0.8 1.2 -1. 1.
1 27 1 82 1
1 27 1 82 2

O. 2.3 13
O. 1. 1. 1.

3 5 2 -1 2 1 0.0015
1 27 1 82 2 2

-0.2 2.7 -2. 0.9
8 7
1 27 82 1
1 27 82 2
2 2 82 7
2 2 82 8
2 2 82 9
2 2 82 13
2 2 1 82 14

O. 2.3 13
O. 1. 1. 1.

FLOW OVER A SEMI-INF CYLN (M=4.5)
50 125 a 1 0 -1 1 1 1 1 a a 15

-25. O. -25. 1. -24.75 2.5 -24.30 5.
-23.80 7.5 -22.80 10. -21.50 12.5 -20. 15.
-17. 18. -14. 20.7 -11. 22.3 -8. 23.6
-5. 24.2 -2.6 24.6 O. 25.

400 5 5 200 1 800
1. 1. -0.5 -51.5 O. 1. 0.6
0.00128 O. O. 0.1956E 10
100. 1. 29. O.

1 1 127
0.00128 O. 150000. 1. 3210E 10
100. 1.

0 0 a a 2 a a 1 0.00010
1 52 1 127 2 2

-100. O. -100. O.
8 7
1 52 127 1
1 52 127 2

O. 1. 1. 1.
3 a 0 a 2 -1 a a 0.00010
1 52 1 127

-100. O. -100. O.
1 52 1 127 1
1 52 1 127 2

O. 5.0 13
O. 1.

DETACHED OBLIQUE SHOCK (48 DEG)
30 95 a a 1 a 1 a a 2o. 5.7 -4. 9.7

250 2 4 500 500
.10 .20 O. -6.3 O. 1. .75 O•
•001314 O. O. •19570E+100.
O. 1. 29. O.

1 1 32 1
.002000 120000. O. 1.0000E 10
O. 1.
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0 0 0 0 2 0 0 0 1 .00015
1 32 1 97 2 1

-0.5 6.5 -7. O.
8 7
1 32 97 1
1 32 97 2

O. 1. O. 1.
0 0 0 0 2 -1 0 0 0 .00015
1 32 1 97

-0.5 6.5 -7. O.
1 32 1 97 1
1 32 1 97 2

1. 4. 13
O. 1. O. 1.

ONE ELECTRODE (BETA=O.>
14 40 0 1 1 0 1 2 1 6 0 4 1

8.0 -0.5 8.0 25. 8.0 25. 8.0 71.
100. 1. 100. 1. 00. 17 26

1 5 5 1 1 1
1.4 1.4 -0.7 -11. O. 1. 0.75 O.
0.00128 00000. O. 0.5000E 10+20000.
10. 1. 29. O.

1 1 16 42
0.00128 50000. O. 0.7500E '0+20000.
10. 1.

3 0 0 0 2 -1 0 0 100.
1 16 1 42

O. 32. -16. 16.
1 16 42 1
1 16 1 42 2

-0.15 0.42 33
O. 1. 1. t.

0 0 0 0 2 -1 3 0 0 100.
1 16 1 42

O. 32. -16. 16.
1 16 42 1
1 16 1 42 2

-0.15 0.42 33
O. 1. 1. 1.

a a a 0 2 0 0 .00000005
1 16 1 42

O. 32. -16. 16.
19 20

1 16 42 1
1 16 42 2

O. 1. 1. 1.
3 0 0 a 2 -1 a a 1250.
1 16 1 42

O. 32. -16. 16.
1 16 42 1
1 16 1 42 2

-0.4 +0.4 32
O. 1. 1. 1.

HALL PRRAMETER =5
14 40 a 1 1 1 2 1 6 1 4 1

B. -0.5 8. 25. 8. 25. 8. 41.
100. 1. 1. 1. O. 17 26

1 5 5 1 1 1
1. 1.4 -0.5 -11. O. 1. 0.10 O.
0.00128 O. O. 0.5000E 1020000.
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O. 1. 29. O.
1 1 16 42

0.00128 50000. O. 0.7500E 1020000.
O. 1.

0 0 0 0 2 -1 5
1 16 1 42

-12.5 37.5 -25. 25.
1 16 1 42 1
1 16 1 42 2

-0.2 0.70 33
O. 1. 1. 1.

0 0 0 0 2 -1 5
1 16 1 42

-12.5 37.5 -25. 25.
1 16 1 42 1
1 16 1 42 2

-10. 80. 32
O. 1. 1. 1.

3 0 0 0 2 -1
1 16 1 42

O. 25. -12.5 12.5
1 16 42 1
1 16 1 42 2

-0.3 0.3 33
O. 1. 1. 1.

0 0 0 0 2 -1 5
1 16 1 42

O. 25. -12.5 12.5
1 16 42 1
1 16 1 42 2

-0.1 0.35 33
o. 1. 1. 1.

0 0 0 0 2 0 0 0 1250.
1 16 1 42

o. 25. -12.5 12.5
26 27

1 16 42 1
1 16 42 2

O. 1. 1. 1.
0 0 0 0 2 0 0 0 0.00000005
1 16 1 42

o. 25. -12.5 12.5
19 20
1 16 42 1
1 16 42 2

o. 1. 1. 1.
3 0 0 0 2 -1
1 16 1 42

O. 25. -12.5 12.5
1 16 42 1
1 16 42 2

-10. 80. 32
O. 1. 1. 1.

0 0 0 0 2 -1
1 16 1 42

O. 25. -12.5 12.5
1 16 42 1
1 16 42 2

-10. 80. 32
O. 1. 1. 1.

FUNCTION BETA(I.J.IHALF.JHALF)
BETR=5.
RETURN
END
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THREE ELECTRODES (BETR=2.)
30 103 0 1 1 1 1 2 1 1 4 10

14. -0.5 14. 25. 14. 50. 14. 105.
10. 10. 75. 25. 00. 24 82

1 1 10 1 1 1
1.0 1.0 -0.5 -16. O. 1. 0.10 O.
0.00128 00000. O. 0.5000E 1020000.
O. 1. 29. O.

1 1 32 105
0.00128 50000. O. 0.7500E 1020000.
O. 1.

0 a 0 a 2 0 0 1250.
1 32 1 105

5. 60. -27.5 27.5
26 27

1 32 105 1
1 32 105 2

O. 1. 1. 1.
0 a 0 a 2 -1 0 a 0 100.
1 32 1 105

5. 60. -27.5 27.5
32 105 1
32 1 105 2

O. 1.0 33
O. 1. 1. 1.

0 0 0 a 2 -1 5 0 0 100.
1 32 1 105

-20. 80. -50. 50.
1 32 105 1
1 32 105 2

O. 2. 33
Ott C8 1. 1.

3 0 0 0 2 -1 0 0 100.
1 32 1 105

5. 60. -27.5 27.5
32 105 1
32 1 105 2

O. 1.0 33
O. 1. 1. 1.

FUNCTION BETR(I,J,IHRLF,JHRLF)
BETR=2.
RETURN
END

SHOCK INDUCED EDDY CURRENTS
24 70 0 1 -1 0 -1 1 2 1 a a 4 1

10.5 -0.5 10.5 25. 10.5 25. 10.5 71.
100. 1. 100. 10. 00. 17 26

30 5 5 30 1 60
1.0 1.0 -0.5 -13. O. 1. 0.75 O.
0.00128 00000. O. 0.5000E 10+20000.
10. 1. 29. O.

1 1 26 72
0.00128 50000. O. 0.7500E 10+20000.
10. 1.

1 1 26 1
0.0250 50000. O. 0.7500E 10+20000.
10. 1.
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a a a a 2 -1 5
1 26 1 72

o. 70. -70. o.
1 26 72 1
1 26 72 2

12 12 1 72 13
-0.15 0.42 33
o. l.

a a a a 2 -1 3 0 0 1250.
1 26 1 72

o. 25. -12.5 12.5
1 26 72 1
1 26 1 72 2

-0.15 0.42 33
o. l. 0.00015 0.00015

a a a a 2 0 1 0 1250.
1 26 1 42 1 26 1 72

o. 25. -12.5 12.5
26 27

1 26 42 1
1 26 42 2

o. 1.
3 0 0 0 2 -1 1 0 0 1250.
1 26 1 42 1 26 1 72

o. 25. -12.5 12.5
1 26 42 1
1 26 1 42 2

-0.15 0.42 33
o. 1.

a a a a 2 -1 0 0 100.
1 16 1 42

o. 25. -12.5 12.5
1 16 42 1
1 16 1 42 2

-0.15 0.42 33
o. 1.

2 a a 2 -1 a 0 1250.
1 16 72

O. 70. -65. 5.
1 16 72 1
1 16 72 2

12 12 72 9
1.55 3. 13
o. 1.

2 0 a 2 -1 0 0 1250.
1 16 72

o. 70. -65. 5.
1 16 72 1
1 16 72 2
2 2 1 72 14

-0.15 0.42 33
O. l.

SUBROUTINE SPEC
COMMON IV11 R(52).Z(152).DR(52),DZ(152).U(52,152).V(52,152),E(52.1 A 11

152).RHO(52. 152).8(52. 152)
COMMON IV41 IMAX.JMAX.IP1.JP1,IP2,JP2,IAXI,IPTSF.ISYH(4)
REALmS R.RIPH.RIMH.RIP3H,RTOP
DO 1 K=1.IP2
DO 1 J=1.JP2
V(K,J)=O.
8(K.J)=20000.

1 CONTINUE
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RETURN
END
FUNCTION BETA(I.J.IHALF.JHALF)
COMMON I V7 I RHOO,VZ,VR,BO,EO,VISCO,PERMO,SIGO,CONOO,CVO,VELOC

1. PHIO
BETA=O.
RETURN
END
FUNCTION GAMM(I.J)
GAMM=1.15
RETURN
END
FUNCTION SIG (I,J,IHALF,JHALF,IN)
COMMON IV141 NMAGN.NTHRM.NVISC,NCONV.IPOT
SIG=lO.n(-lO)
NMAGN=99999
RETURN
END

273

AEDC-TR-77-105



AEDC-TR-77-105

C.6 PROGRAM SUGGESTIONS

The most expeditious approach to learning the function of this
program and avoiding the numeroud pit-falls which discourage further use
is to start with onelof the many test cases discussed in C.5 and in
stages, refine the iJput to sui·t the particular needs of the problem in
question.

The major and most frequent error that occurs is numerical insta­
bility. It is easily detected by observing that velocities and energy
grow exponentially in time; the density vanishes or pressures and tem­
peratures become negative. The run will usually terminate abnormally
and give various diagnostics. The source of the instability is an ex­
cessively large time step. The simple procedure for correcting thtp
error is to reduce the time step through the input parameter STAB
(DT = DT (Min) x STAB), which is normally set to 0.75. Reducing STAB by
10 to 50% may in most circumstances result ina stable calcula~ion.

Ce7 HULL DIFFERENCE MINORITY REPORT

The development of methodology employed in this program was based
strictly on comments prefacing the HULL computer logic. Written by one
of the principal authors, Richard E. Durrett, it is entitled "The Hull
Difference Minority Report." From this explicit 5-page summary of the
HULL.technique, a 6500 card FORTRAN IV computer program, the subject of
this report, was developed!

274



Synopsis of HULL Code

N
-....J
til

~INORITY REPORT ON HULL

THE HULL DIFFERENCE. METHOD

THE HULL SYSTEH EHPLOYS THE STANDARD SHELL DIFFERENCE METHOD OR A
~~~5S~XA~fEtH~U~i~ ~62g~Dw~~~6~SAr~~~~lfo~~T7~~wrr~f.L~~~~EBXR~AFTAIN
RE1'"F:~RED TO AS METHODS 1 AND 2 RESPECTIVEL Y.

THE SHELL DIFFERENCE METHOD (METHOD 1) .IS DETAILED IN AFllLU.66~
141. t-l::THOD 2 IS PRESENTED BELO~.

THE METHOD IS AOPLIEO TO THE EQUATIONS DESC~IaING THE BEHAVICR. OF
A CO'1PPFSSIBLE, NONCONDUCTING, INVISCID FLUID. THE EQUA TIONS ARE
THOSE OESCRI6ING

CON~E~VATION OF MASS

J CRHO) +RHC"'OIV CU #1 =() C1)

CONSERVATION OF MOMENTUM

~HO·D CUI I+GRADCP l=-RHO"'G' (2)

CONSER~ATION OF ENERGY

RHO·D( E) 4-DIV Cp·Ult) =-RHO·U''''GI C3)

ALONG WITH THE EQUATION OF STATE

;)=PlRHO,I) lit)

WHEPF

D IS THE LAGRANGIAN DERIVATIVE WITH RESPECT TO TIME

OIV IS THE VECTOR DIVERGENCE

GRAD IS THE GRADIENT VECTOR OPERATOR

~HO=HATERIAL DENSITY CGM/C"'··3)

o=PRESSURE CDYNES/CI1'~·2)

I=INTERNAL SPECIFIC ENERGY CERGS/GM)

J'=FLUIO VELOCITY (CM/SEC)

E=I4-U; lItU#/2 CERG SIGH)

(;~=t\CCELERATION'DUE TO GRAIIITV CCM/SEC H 2)

T=TIME (SEC)

AND THE SPECIAL SYMBOL' IS USED TO INDICATE A VECTOR QUANTITY. THE
MUL TIPLICATION SYMAOL (lit) BETWEEN VECTORS INDICATES THE DOT FROCUCT.

. EQUATIONS 1 Tt:lRU3 JU<..f.AP-f'.goUKJlTED6C..EllIT.E-O.I.EF£G£NCES-.lllt..-ARE-.-
SOLVED EXPLICiTLY OVER A OISCRETE TIME INTERVAL OT IN TWO PHASES. THE
~I T PH ~ N IDERS THE SOLUTION TO EQUATIONS 2 AND 3 WHILE THE

01\1 N OF
ENERGY N 0 INC PALlY IN TI-i _ ---

:~furM-m:r+;..,;...~~~~:-:::..S HOel( •

HIE METHOO WIll. 6E IlLUSTARl.EO FOR THE CASE OF ..!.wo",nI-M.£NSIOblAL-..
AXISYHMETQIC CYLINDRICAL COORDINATES. EQUATIONS 1 THRU 3' CAN THEN
BE WI;lITT~N AS

Figure C.31

OCRHO) +RHO'" C1/R"'PDRCQ·UJ +PDZ (V)) =0 (5)

~HO"'oCU)+pnR(P.=O (6)

RHO"'D(V)+PDZ(P)=-~HO"'G (7)

RHO·DeE)+1/R·PQRCR·P·U)+PDZCP·V)=-~HO"'V·G
(8)

WHEI;> ~

~=~ADIAL COORDINATE

7=AXIAL COORDINATE.

PDR=PARTIAL DERIVATIVE WITH RESPECT TO THE ~AD!AL COOItO.IN.ATE -.

~DZ=PARTIAL DERIVATIVE WITH RESPECT TO THE AXIAL COOROINA1E

J=COHPONENT OF U' IN THE RADIAL UIRECTION

V=C~"PONENT OF U# IN THE AXIAL DIRECTION.

IN ::STA8lISHING FINITE DIFFERENCE ANALOGS TO EQUArI.nNS s. Hum a­
WE CONSIDER A.DISCR~TE SUBSET OF ~lR?7,TJ BY DEFINING

FCI,J,th;FlRlI),ZCJ),TtN))

WHERE.R(!), zeJl, AND TlN) ARE PARTICULAR VALUES OF R. l. ANO T .
~bS~~~~It6~Yi,A~DT6HJMix ~ORA~? ~N~S~U~b ~~I~G~~RV~:UEfH~NR1~i ~~~GE 1
Z CJ) AR~ DEFI NED IN TERMS OF A GIVFN SET OF IJR CI J AND ·o~..t J~ -sucw ·T~A+ .

i(.CIl=RCO)+CSUH,K=1,I"'1,eDReK)))+ORC!J/2 FJR.I=2,.~.••• IHAX

~(1)=ReO)4-DQ(1)/2

7(J)=ZCf))+CSUM,K=1,J-l,CDZCK)))+DZCJI/2 FORJ=2~ ••• ,Ji·nnc
Z~1):Z(~)+DZ(1)/2

WHEPE pro) AND Z(O) HAVE SOME SPECIFIED VALUES.

TH::- HYDRODYNAMIC VARIA8L~S RHO, U, V, ANI) I !INTF~Nl\L SPECIFIC
ENE~Gy) ARE DEFINED FOR EACH S.ET OF COORC..INATES Ul->!.) AT A PARTICULAR
TIH~ nil). THE PRESSUR.E PCI,J,N) IS OEnNEOH ·EAGH"1»-r,TNr-SYiHt---­
EQUA TION OF STA TE CEQUA TION 4).

INTERPOLATED VALUES OF···"'-HE HYOROOYNAM-fc-vARIABl"Es-oF--THE FOR"

~ ~H~~5'~NN~€R~~Iorf~ '~)ei ,~~N~!I,iNNG~~~kAlOR SIM Il~~ FO_~.~~~_ ~~~--__

F I 1+112. J. N) =l F( 1+1, J, N) + FCI .J.N) } 12

AND
~- .... _..-

~eI,J+1/2,N'=(FlI,J+1,N)+FCI,J,NI}/2.

THIS OEFINIT!ON WILL APPLY 'EXCEPT HHE~E EXPlI"CUl'f-ffi}f...fih--·-··--- ...·­

PHASE I

TN METHOD 2 THE FINITf OIF~ERENCf ANALOGS TO EOUATIONS 6 THRU
AI:lE GHOSEhi AS .-.... .-.- - --- ---.------

~(I,J,N+l)=UCI,J,N)-OT·CPCI+1/2,J,N+1/2)-PCI-1/2,J,N+112))
I ("RHO 11 ,J,1'0 ""tHH!" .... . ...- ....~- .-_ .. - .....- ..__.....

vel, J. N+1) =V !I ,J • N):- DT '" (PU .J4-1I2, N4-112J -pC I .J-.1/2.l.1'l.4- j.l..2JJ... _
IIRHOCI,J,N)*DZIJ))-DT"'GCJ) (10)

E: {I~J~N+1-)=E-*I.J-?~')'~Tt$(~~l-4(R (1"'1'2) ·P(·IJ,-1-/2 I J, N+1(2)
·Ul I4-1/Z, J, N4-1/2) -R CI-1/21·P!I -1/2,J." +11 2)

. ·ueI-1/2,J,N+1/2))/CRCI).~~CI))+CPlI,J.1/2)N+1/2)

»
m
o
()

~
:Il

~
-....J
~

o
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N
-J
0\

"'V(I, J+l/2,Ntl/2) ,.PU ,J-l/2,N+1/2 l"ll !I ,J-.1J2...N+1/21)
/OZIJ1)-OT·V(I,J,N+l)·G(J) (11) .

WHEPF

H=T(N+l}-TIN)

~II+1/Z)=~III+DRlI)/Z

~ I 1-1IZ) =R (n-1) +1/ZI"

ZIJ+1/ZI=Z(JI+07(JI/Z

ZIJ-1/Z1 =Z( IJ-l1 +l/Z)

G(JI=VALUf OF G AT ZIJI.

ALL THE VALUFS APPEARING IN EQUATIONS 9 TH~U 11 A~E IM~EOIATELV
KNOWN ::l(CEPT THE TIME ADVANC""O IN+l/Z1 VALUES FOR ;)~ESS RE AND
VELOCITY. THESE TIME ADVANCED VALUES ARE USEO SO THAT HE
APP~OXIMATIONS TO THE PARTIAL OERTVATIVES APPEA~l~G I~ OUATIONS 6
THRlJ d MAY BE CENTERED IN TIME AND SPACE". IN THE CASE HE~E

'PII)=CONSTANT FOR I=1 •••• ,IMAX

liN'"'

n71JI=CONSTANT ~OP J=l, ••• ,J~AX

THIS PROOUCES A FULLY SECOND ORDER ACCURATE DIFFERFNCE "1ETHOC. IN A
PFGICN ~HERE THE nRlI) AND OZIJI ARE NOT CONSTANT THE S::CONO ORDER
Ar.rupACY IS LOST. THIS ADVERSELY AFFECTS THE STABILITY OF THE FIRST
PHASE :;~LGULATION. THE AMOUNT OF INSTASII.ITY WHIGt4 M4Y BE OelA.J:.t..fO- IS
PELATfD TO THE MAGNITUDE OF THE INCREMENTAL CHA~GES I"l 1Rl II AND .
n71J).

"10ST OF THE CCli'1PUTtlTIONS IN THF tI~ST PHASE ARE F.XPENOEO IN
OBTAINING THE TI"1E ADVANCED VALUES FOR PPESSURE AND VELOCITY. T~E
TIME AJVANCED VELOCITIES APE OeTAINEO BY DIFFERENCING E')UATIONS 6 AND
7 A5

J(I+l/Z,J,N+1/2)=UlI+1/Z,J,N)-DT/12"RHOlI+1/?,J,~+1/Z) )
"11 p I hl,J, Nl ~P II, J,jU I/lR I 1+1) -~ II I I)

. ~

VlI,J+1/2,N+1/ZI=VlI,J+1/Z,Nl-DT,fZ"'~HO(I,J+1/~1/2tl
• ( I PII , J +1 ,.N1~1I , J , N1II lZ ( J +1) -~ J) I )
-G' .1+1/ZI"OT12 (13)

.wH£RE

GlJ+1/ZI=(GlJI+G(J+1Il/Z.

THE TIME ADVANr.ED QENSITIES APPEA~ING IN EQU~~O 13 ARE
OBTATNEL1 BY OIFFER£NCING EQUATION 5 AS

2HOlI+1/2,J,N+1/21=RHOlI+1/2,J,N)·(1-0T/IZ·~(I.1/2)1·(~«I+l1
·UlI+1,J,N)-RlIl.U(!.J,~H 1I1~(!+1l-RlUII

114'

QHO(I,J+1/2,N+l/Z)=RHO(I,J+l/Z,NI"11-~T/Z"'«V(I,J+l,N)-V(I,J,N)I

I (Z «J +1 I - Z (J U I 11 5)

WHE~E

~HOlI+1/2,J,N)=IMlI,J,N)+MlI+1,J,NII/IPI·I~II; %-1''''2
-RII-l/Z)"·Z)·OZCJJI '_ - ..

~HO II, J+1/2, NI=1 "111, J, NI +1'1 II, J+l, NI II (PI" l~ II+1/~­
-RlI-1/ZI· ...ZI·(OZ(JI+OZlJ+1111 •

ANn THF MASS ASSOCIATED WITH A POINT (I,J,N) IS D~fINED'8'

I-ll I ,J, NI =RHO II ,J ,N)· lPI~L(fHI+1IZ)UZ-Rn-V..Zl n 21 ·DZ I J»

Figure C.31

WHFRf PI=3.1415~ ••• AND RlI+3/21=R(II+l)+1/21.

THl TIME ADVANCED PRESSURE APPEARING IN EQUATIONS 9 THRU 11
k.fQUIR~S A LITTlE MORE EFFORT. FIRST AN AlTE~NATI\fE EN~RGY EQUATI6N
CAN p.£ ~BTAINEu FRO"1 F.QUATIONS Z AND 3 AS

~HO"nlII+p.DYV(Uf)=O. (161

AN :FFECTIVE GAMMA CAN BE OEFINED BY

:;A t-l'1A=l+PI P~HO"I I. (171

"IE wILL ASSU'1E FOR THE PURPOSES OF CALCULATING A HALF TIt-lE STEP
AnVANCE~ P~ESSURE, WHICH IN TURN IS USED IN APP~OXIMATI~G THE PARTIAL
OEkIVATIVES IN EQUATIONS 9 THRU 11, THAT THE LAGRANGIAN DERIVATIVE
WITH ~ESPECT Tn TIME OF GAMMA IS SI>4ALL AND CAN BE IGNORED. IN
APPLICATION IT IS ONLY REQUIREO THAT THE CHANGE IN GAMMA A! ..0.
PA~TI~ULAR POINT 8E SMAll OVER A TIME OF DT/Z.

TAKING THE LAGRANGIAN OERHATlVE WITH RESPECT TO TI"fE IN ECUATION
17 AND USING EQUA nONS 1 liND 15 WE CAN wRIH

OCPI+GA"1MA·P·DIV lUtn=D. <1S,

EQUATION 18 IS USED TO OBTAIN TIME ADVANGf:D P~ESSU~ES G.I\l.f:N . .e~ ..

PI 1+112, J, N+l!?). =~~1iH;j~N~~;a)2~a~j~~n;t~R~ l~l;~~HRH+ll
-R(!) )) I

P(I,J+1/2,N+l/ZI~PlI,J+1/Z,NI"(1-CT·GAMM~(I!J+1/2,NI
.. IV II ,J+1, III I -v (! ,J , III I ) II 2-'l' { .,. (J +11 - Z( J I I I )

WHFRE GA"1MA IS OBTAINED FROM EQUATIOIll 17 AS
GAM"1A(I+l/Z,J,NI=1+PlI+l/Z,J,NI/(RHO(I+1/?,J,NJ.ICI+112,J,NJJ

~A"1MA(I.J+1/2,NI=1+PlI,J+1/Z,NI/(RHOII,J+1/2,NI~III,J.1/2,N),

f1EFI~kb.QU~~lJH~~ ~?~~~sl°E~8ino~~U~n~N~O~PL~~€·l~~I;:U~r~.
A~rU~ATf LAGRANGIAIll CALCULATION. THE NEXT STEP WOULD NORMALLY BE THAT
OF TRANSPORTING MESH VERTICES. INSTFAO WE CHOOSE TO FLUX THE
l-IYORMYNAMIC QUANTITIES TO RETAIN THE OR!GINAL MESH CONFIGU~IITIOI\.
TI-IIS CALCULATION IS OONE IN PHA~F TT.

PI-!ASF. II

CHAtIlGES IN tlENSITY ARE COMPUTED IN PHASE II BYCAlC.,llATl.f\G A MASS
~LUX gETWEEN "1ESH POINTS AND THEN TRANSPORTIIIlG THE APPROPRIATE AMOUNT
n~ MASS FQOM POINT TO POINT. THE TPANSPORTEG MASS CARRtE"S WITH IT A
PPOPORTIONATE AMOUNT OF INTERNAL ENERGY AND MOMENTUM. HlEII'Et.OCIT!£S
ANn SPECIFIC INTER~AL ENERGY ARE THFN REOE~INED AT EACH MESH POII\T RY
r()NC:;~~IfING MOMEIllTUM AND TOT AL ENERGY AT THAT POINT.

THE MASS FLUX RfTwEEN MESH POINTS IS DEFINED AS THE PRODUCT OF THE
TNTEi;lPOLATE VELOCITY, THE OENSITY AS DEFINED B\, SOLUTIOl\J-Of'. - ..-. __.. _.
fOUATION 1. THe INTERMEnIATE CROSS SECTIONAL AREA, AND THE TIME STEP.
THE EglJ~ TIONS A~E

~FlI+l/Z,J,N+ll=Ull+1/Z,J,N+ll"'RHO(I+1/2,J,N+ll·2·PI·R (1+1/21
·OZ(J)·OT

"'IF I I ,J+1/2, "1+11= If II, J+ 112 ,N+ll·~HOn ,J +l/Z, N+il .z·p I·/H U·O RIn i
·OT

WH~oE T~"" TIME ADVANCED DENSITIES ARE OSTAINFO QY DIFFE~ENCI~G
,OUA HON 5 AS

~HO lI+l/Z, J, N+1J =R.HO II 0, J ,N I· (i-DT IR n+1/21· 11\(!+11"u 1I +1, J, N+1I-R 1I I .U lI, J ,N +ill II R II +U -R n;) I

~HO(I,J+l/Z,N+1)=~HOlI,JD,N}.(1-nT.(V(I,J+l,N+1)-VlI,J.N+1))

lIZ I J +1 I -Z IJ» I

Continued!
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. "HUE -._------._-- -'-----_.

IO=I
-1+1

JO=J
=J+l

IF UCI+i/2,J,N+U GT 0
IF l:J« It 1/2 ,J, N+1' .--t;;-T--i)-------.----------.--------"--.-.

IF VII,J+i/2,N+U G1' 0

OBVIOUS 40VANTAGES OF THIS TECHNIQUE ARE ITS RIGID NUI1ERICAL
CONSERVATION AND ITS STABILITY. THIS SCHEME ALSO INSURES THAT MORE
IlATERIAL 6AN NOT BE REMOHB FROI. A POINT T"AN -IS- PRESENT. -----------

HULL HAS A CONTINUOUS REZONE CAPABILITY. WHEN THIS IS EMPLOYED
THE INTERPoLATEO vELoCI TIfS APPEARING H..-THr-MASS FLQ)( ClNATIUNS-Jrrr---­
REPLACED BY

THIS IS THE CL4SSICIU DONOR CEI' DIFFERENCING TECHNIOIIE THE HOST

U(I+1/2,J,N+1)-UR(I+1/2,J,N+11
VlI,J+1I2,N+H VRH,JtUf,tH1t----------------------··--------·--­

WHERE UR AND VR ARE THE INTERPOLATED GRID VELOCITIES COETERMINID
- ARBlTRAIULY BY HOW FAST ONE WISHES TO TRANSPORT THrGj1RTJrnAJt~r;-

'THE COR~F'SPONOING MOMENTlIl'! FLlIXES ARE

__......:U::...F_C:.::I +1/2, J, N+1) =MF (l+1/2, J, N+ U'I' U!.!.!l.!~.!..~..!.~ ..__.. . _
vr: 1I+1/2 ,J, N+1)=HF CI+112 ,.I, N+H· vue, J, N+1)

----WCI, J+1.72 , N+U=MFlT;-J+1/2 ,N+Ir...un-~-JO~-NHr--------·---------_·---

\IF CI,.Hl l 2, tl+1)-MF II, J+1 /2, .'+1) "'''(I ,JIJ ,NUl

AND THE ENERGY Ftl!.~ES A~. .. . .__.. .. .
EFCI+1/2,J,N+1)=MFCI+1/2,J,N+1)·ECIO,J,N+1)
EF II, J+1/Z, N+U= MF CI ,J+1/Z, N+1) "E II ,.10 ,N+!» •

"'IoIE'1 HIESE Q"UITXTIIES ARE FLYXE;D nNAL "ALliES FOR MUS, ClEtISITV,

RHoII,J)=HII,JJflpI*IR(I+17ZJ ••Z-R(I-i7ZP"ZJ*OltJ'J

!In, 1)-!uth;I~2~~:~ni!u~H~'jHi~~~:lfr;~H~'jF'1_1/?,N+U

ECI,J)=ICI,J)+CUCI,J)· ...Z+VCI,J)··Z)/2
WHE~E THE LACK OF A TIME SPECIFICATION INDICATES FINA. VALUES FOR THIS

.I.l.t!f.._..srrP..L

Figure C.31 Continued
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XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXX IBM 370 VERSION XXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXX CRLCOMP PLOTTER XXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~**~~*~~~~~~~~~~~~*~~~*~~~

GRID SET UP FOR R MRXIMUM OF 45 X 225 CELLS. INCRERSING THE RESOL­
UTION BEYOND THESE VRLUES WILL REQUIRE RN INCRERSE IN THE RPPROP­
RIRTE RRRRYS.
M~~~~~~~~~~~~MMM~~~MMMMM~~~W***www*www*wwwwwwww~wwww~~~WMM~~~~MMMM

COMMON /CMESH/ KMRX.JMRX,KP1,JP1,KP2,JP2
COMMON /COUTP/ TITLE(15), KPDEL, JPDEL.NPLOT,NPRN,NDIGPL.NGRRPH
COMMON/CGRID/R(45),RD(45).Z(225).DR(45).OZ(225),XD(45).ZMIN.RMIN.D

lZ0,DRO,IGRRPH(225).NBOUND
COMMON /CBOUND/ DRNGLE(225).IOBK(225).IOBL(225).ISYM(4).IRXI.IOBQ
COMMON/CMHD/INSJ(225).DVOLT.BRSEP.DPOT.SPRCE,SPINSL.JPLMIN,JPLHRX
COMMON /CINIT/ RHOO,VZ,VR,BO,BRO.BZO.EO.PHIO,PERMO.VELOC,RRFV,PERH

J. NVECT. NPDIH
COHMON ICCRLC/ BL.EHF.HCRLC.NHRGN.NTHRH.IPOT,IDFN,IPTSF
COMMON /TPL T/ TPL THI. TPLTHR. TPL TOE. TPL TOL, TZERO. T

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~ COMPLETE DOCUMENTRTION RND USER'S MRNURL IN ~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~ REDC TR-77-105 ~~~~~~~~~~~~~~~~~~~~~~~~~~****

*~*~*~~*~~~~~~~~~~**~*~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~***~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~*~****~~~~~~*~~*~~~*~

LRBELLED COMMON BLOCK "CRRRRY" CONTROLS THE GRID RESOLUTION RND
THUS. THE SIZE OF CENTRRL MEMORY. IF THE PROGRRM IS TDO LRRGE.
REDUCE THE DIMENSIONS (RESTRICTING THE GRID SIZE) OF THE VRRIRBLE
RRRRYS LISTED IN "CRRRRY".
~~~~~~~~~~~~~~~~~~~~~*~~~~~~~~~~~~~~~*~~~~~~~*~~*******~~*~~~~~~~~

~*~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~*~~~~~~~~~*~*~~*~~~~*~*~~*~~~

ON THE IBM 360 OR 370 MODELS, DOUBLE PRECISION MUST BE USED
FOR THE FOLLOWING VRRIRBLES: R.RIPH.RIMH,RIP3H RND RD.
SIMPLY INSERT INTO RLL SUBROUTINES THRT EMPLOY LRBELLED COMMON
BLOCK "CRRRRY" THE FOLLOWING STRTEMENT (BEGINNING IN COLUMN 7)
RERL~8 R,RIPH,RIMH.RIP3H.RD ~~~~ THIS CRRD COMES RFTER THE LRST
COMMON OR DIMENSION STRTEMENT.
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~*~~*~~~*~~~~~~~~~~~**~~~~~

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXX MRIN PROGRRM XXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
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RERLNt8 R, RD 64
C 65
C 66
C FDR 18H 370, REPLRCE WITH "CRLL DRIVER" 67

CRLL DRIVER 68
CRLL SECDND (R) 69
WRITE (6,10) R 70
CRLL PLDTTE 71
CRLL SECDND (R) 72
WRITE (6,10) R 73
CRLL EXIT 74

C 75
C 76
C 77

10 FDRHRT (J2H CP SECDNDS,2X,EI2.4) 78
END 79
SU8RDUTINE DRIVER 80

C 81
C 82
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 83
C EXECUTIVE RDUTINE CRLLING HYDRD: PHRSE I RND I I, THERHRL CDNDUCT- 84
C IDN, HRGNETIC INDUCTIDN. TIHE-STEP. INPUT/DUTPUT RND GRRPH 85
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 86
C 87
C 88

CDHHDN /CRRRRY/ RHD(45.225);U(45,225).V(45.225).E(45.225).PHI(45. 89
1225).BD(I.I).BR(I.I).BZ(I.I).DE(I.I) 90

CDMMDN /CDUTP/ TI TLE(15). KPDEL. JPDEL. NPLDT, NPRN. NDIGPL. NGRRPH 91
CDMMDN ICMESH/ KMRX,JMRX.KP1.JP1,KP2.JP2 92
CDMMDN ICBDUND/ DRNGLE(225).IDBK(225).IDBL(225).ISYH(4).IRXI.IDBO 93
CDMMDN /GRRVTY/ GC.GR.GZ 94
CDMMDN ICTIHE/ TIHE, DT, OTT, STRB, HINDT. HRXDT, NCYCLE, NHRX 95
CDHHDN/CGRID/R(45),RD(45),Z(225),DR(45),DZ(225),XD(45),ZMIN,RMIN,D 96

lZ0.DRO.IGRRPH(225).NBDUND 97
CDMMDN ICCRLC/ BL.EHF.HCRLC.NMRGN.NTHRH,IPDT,IDFN.IPTSF 98
CDMMDN ICINIT/ RHDO.VZ. VR. BO. BRO. BZO. EO, PHIO. PERHO. VELDC, RRFV. PERM 99

1. NVECT. NPDIH 100
CDMMDN/CMHD/INSJ(225).DVDLT,BRSEP.DPDT,SPRCE.SPINSL.JPLMIN.JPLHRX 101
CDMMDN/CMRTRX/ RCDEF(225).BCDEF(225),CCDEF(225).DCDEF(225),SUB(225 102

1).DIAG(225).SUP(225).CDNST(225) 103
CDMMDNICSTDRE/RHDF(2.225).UF(2.225), VF(2.225),EF(2,225),MFR(225). 104

lUA(225).VR(225).UFR(225), VFR(225).EFR(225),PR(225) 105
CDMMDN/CSTRSS/TRRR(225),rzZR(225). TDDR(225),TRZR(225),VISC,VISCO 106
CDMMDN /CHRGN/BFR(225),BZZR(225), BZFR(225), BF(2, 225), BFR(2, 225), 107

1BFZ(2, 225) 108
CDMMDN/ETRDDE/RNDDE(225).CRTHDD(225) 109
RERLJK8 R.RD 110

C 111
C 112

KL=O 113
NFL0=0 114
NCDND=O 115
NVISC=1000 116
IDFN=O 117
RERD (5.90) (TITLE(I).I=I,15).IPRN 118
WRITE (6.100) (TITLE(J).I=I,15) 119
IF (IPRN.EO.9) GO TD 80 120
NCYCLE=O 121
DT=10. JKJK(-12) 122
IPR=1 123
GZ=O. 124
GR=O. 125

C JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKMJKMMJKJKJKJKJKMMJKJKJKJKJKJKJKJKMJKJKJKJKJKMJKJKJKMJKMJKJKJKJKJKJKJKJKJKJKJK 126
C CRLL ING FOR INPUT RND SETTING INI TIRL RNO BOUNDRRY CONOI TIONS 127
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C WWWW~WWWWWWWWWWWWWWWW~WWWWWMM~WMMMMWWMWM~~MMMMMMMMMMMMMMMMMMMMMMM~

C WWMWWW~WWMMMMMWMM~MMWMW PHRSE II (CONVECTION) MMMMMMMMMMM~MMMMMMMM

C W~WWMWWMWMMWMMMMMM~MWMMMMMMM~MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM

CRLL HULLP2
IDFN=O
TINE=TINE+DT
NCYCLE=NCYCLE+1
NFLD=NFLD+ 1
NCOND=NCOND+1
NPOT=NPOT+1
IF (NPOT. GT. IPOT) NPOT=1
CRLL SECOND (R)
IF (NOD(NCYCLE, IPR). Ea. 0) WRITE (6,140) R
IPRN=O
IF (NOD(NCYCLE,NPRN).EO.O) IPRN=IPRNT
GO TO 10

70 CONTINUE
80 RETURN

C
C
C

90 FORNRT (J5R4, 19X, IJ)

100 FORNRT (JH1 ,///, 15X, 15R4)
110 FORNRT (29H PHI OR PSI ITERRTIONS NUNBER,5X, 13)
120 FORNRT (26H TENPERRTURE ITERRTlON )
130 FORNRT (35H NRGNE TIC INDUC TION I TERR TION )
140 FORNRT (J2H CP SECONDS,2X,E12. 4)
150 FORNRT. (6X,100(JHM),/,20X, 7HTlNE = ,E12.4,5X,SHDT = ,E12.4,5X,9HNC

lYCLE = , 14,/,6X, lOO(JHw))
END
SUBROUTINE INPUT

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C CRRD RND TRPE INPUT DRTR
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

CONNON /COUTP/ TITLE (15) , KPDEL. JPDEL. NPLOT, NPRN, NDIGPL. NGRRPH
CONNON /CRRRRY/ RHO(45.225),U(45,225), V(45, 225), E(45, 225), PHI (45,

1225),BO(1,1),BR(},1),BZ(1,}),DE(1,})
CONNON /CBOUND/ DRNGLE(225),IOBK(225),IOBL(225),ISYN(4),IRXI,IOBO
CONNON /CNESH/ KNRX, JNRX, KPJ, JP1, KP2, JP2
CONNON/CNHD/INSJ(225) , DVOL T, BRSEP, DPOT, SPRCE, SPINSL. JPU1IN, JPLNRX
CONNON /GRRVTY/ GC,GR,GZ
CONNON /CTINE/ TINE, DT, DTT, STRB, NINDT, NRXDT, NCYCLE, NNRX
CONNON/CGRID/R(45),RD(45),Z(225),DR(45),DZ(225),XD(45),ZMIN,RMIN,D

lZ0,DRO,IGRRPH(225),NBOUND
CONNON /CCRLC/ BL,ENF,NCRLC,NNRGN,NTHRM, IPOT,IDFN, IPTSF
CONNON/CSTRSS/TRRR(225), TZZR(225), TOOR(225), TRZR(225),VISC, VISCO
CONNON /CINIT/ RHOO, VZ, VR,BO,BRO,BZO,EO,PHIO,PERMD,VELOC,RRFV,PERM

1, NVECT, NPDIN
CONNON/CNRTRX/ RCOEF(225),BCOEF(225), CCOEF(22S),DCOEF(225), SUB(225

1),DIRG(225),SUP(225),CONST(225)
CONNON /CTRPE/ IRST
DINENSION BLRYER(9), ELECH9)
RERL NW, MINDT, MRXDT
RERLw8 R,RD
DRTR BFT,BFR,BFZ,BPHI/O.,O.,O.,O./
DRTR BLRYER,ELECT/4H IN, 4HVISC, 4HID ,4H LR, 4HMINR, 4HR ,4H TUR

1, 4HBULE, 4HNT ,4H N,4HO EM,4HF ,4HMG I, 4HNDUC, 4HTION, 4HPOND, 4H
2ERMO,4HTIVE/

c
c
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C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

C
C
C
C

C

•••••M••••••••••••••••••••••• UNITS ••••M•••••••••••••••••••••••••

RHD GH CM-3 K GH CM SEC-3 K-1 B GRUSS
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
U CM SEC-l CV ERG GM-l K-l
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
R CM T DYNE-CM
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
VISC GH CM-l SEC-l (PS)
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••M••

B =GRUSS (GH/RBCDUL /SEC ) = 10-4 WEBER/METER2
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
PERM =4.PI (GH-CM/RBCDUL2) =4.PI.l0-7 WEBER/RMP/METER......................~ .
CDND = (SEC-RBCDUL2/GM/CM3 = 10-11 I/DHM/METER
.M••••M••MM••M••••••••••••••••••••••••••••••••••••••••••••••M.M•••

IRST=(O) ND RESTART, =(- J) WRITE RESTART TRPE, =(J) RERD RESTRRT
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
••••• I=INVISCID(BL=O. );L=LRMINRR(BL=I.); T=TURBULENCE(BL=2.) •••••
Jtf••• ND EMF(EMF=O.); M=MRGN INDC(EMF=I.); P=LDRENTZ(EMF=2.) ••••••
•••M MCRLC ••••• 0 1 2 3 4 5 6 7 8

I L T I,M L,M T,M I,P L,P T.P
•••••••Jtf••••••••••••••••••Jtf•••••••••••••••••••••••••••••••••••••••

BL=O.
SPINSL=O.
SPRCE=O.
EMF=O.
PI=3.1416
WRI TE (6,310)
M••••••••••••••••••••••••••M••••••••••••••••••••••••••••••••••••••

•••••••• INITIRLIZING CELL VRLUES RND DEFINING MRTERIRL ••••••M•••

•••••••••••••••••••M••••M••• PRDPERTIES ••••••••••••••••••••••••••
•••••••••••••••••••••••••••••••••••••••••••••••••••••M••••••••••••

RERD (5,160) KMRX, JMRX, IRXI, IPTSF, ISYM(1). ISYM(2).ISYM(3), ISYM(4).
lNVECT, NPDIM, MCRLC, IRST, IDBO, IPDT
IF (MCRLC. Ea. 1. DR. MCRLC. Ea. 4. DR. MCRLe. Ea. 7) BL=I.
IF (MCRLC.EO.2.DR.MCRLC.EO.5.DR.MCRLC.EO.8) BL=2.
IF (MCRLC. GT. 2. RND. MCRLC. LT. 6) EMF=I.
IF (MCRLC. GT. 5) EMF=2.
IBL=l. +BL.3.
IBH=IBL+2
IEMFL=I. +EMF.3.
IEMFH=IEMFL+2
WRITE (6,140) (BLRYER(J), I=IBL. IBH), (ELECT(J),J=IEMFL.IEMFH)
IF (IDBO. Ea. 0) GO TO 20
DD 10 N=1,25
RD(N)=0.

10 XD(N)=O.
IDK=IRBS( IDBO)
RERD (5,170) (RD(I),XD(I),I=l,IDK)
IF (NVECT.EO.2) RERD (5,120) (RB(I).XB(I),I=I.IDK)

20 IF (IPDT. Ea. 0) GO TO 30
RERD (5,180) SPRCE,SPINSL,BRSEP,DPDT.DVDLT.JPLMIN,JPLMRX

3D RERD (5, 190) NPRN, KPDEL, JPDEL. NPLDT, NDIGPL. NMRX. NCYCLE
RERD (5,200) DZO,DRO.ZMIN,RMIN,MINDT.MRXDT.STRB.TZERD
RERD (5,210) RHDO, VZ, VR,EO, BD, BRO, BZO, PH/O
RERD (5,220) V/SCO.PERMO.MW.RRFV
T1ME=TZERD
PERMO=PERMO.4••PI
KP1=KMRX+1
JP1=JMRX+l
KP2=KMRX+2
JP2=JMRX+2
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WRITE (6,240) KMRX, JMRX, IRXI, IPTSF, ISYM(1), ISYM(2), ISYM(3), ISYM(4)
1, NVECT, NPDIM, MCRLC, IRST, IDBO, IPDT

IF(IDBO.NE.O) WRITE(6,245) (RD(I),XD(I),I=1,IDK)
IF (IDBO.NE.O) WRITE (6,120)
IF <IPOT.NE.O) WRITE (6,250) SPRCE,SPINSL.BRSEP,DPOT,DVOLr,JPLMIN,

1JPLMRX
WRI TE (6,260) NPRN, KPDEL. JPDEL. NPLOT, NDIGPL, NMRX, NCYCLE
WRITE (6,270) DZO,DRO,ZMIN,RMIN,MINDr,MRXDr,STRB, rZERO
WRITE (6,280) RHOO, VZ, VR, EO,BO, BRO, BZO,PHIO
WRITE (6,290) VISCO,PERMO,MW,RRFV
DO 40 J=1,JP2
IOBL(J)=KP2+1
IOBK(J)=KP2+1
IGRRPH(J)=KP2+1
DRNGLE(J)=0.
INSJ(J)=0
DO 40 K=J, KP2
RHO(K,J)=RHOO
U(K,J)=VZ
V(K, J)=VR
E(K,J)=EO
IF(EMF.EO.2.) PHI(K,J)=PHIO
IF (EMF. NE.1.) GO TO 40
BO(K,J)=BO
BR(K,J)=BRO
BZ(K,J)=BZO

40 CONTINUE
PERM=PERMO
VISC=VISCO

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C ~~~~~~~~~~~~~~~~~ RSSIGNING VRLUES TO SPECIRL CELLS ~~~~~~~~~~~~~~

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

50 RERD (5,230) K1,J1,K2,J2,BRHDO,BVZ,BVR,BEO,BBO,B8RO,8810,BPHIO,BVI
lSCO,BPERMO

IF (K1.EO.0) GO TO 80
8PERMO=BPERMO~4.~PI

WRI TE (6,300) K1, J1, K2, J2, BRHOO, BVI, BVR, BEO, BBO, B8RO, BBZO, BPHIO, BV
lISCO, BPERMO

DO 70 K=K1,K2
DO 70 J=J1,J2
RHO(K,J)=BRHOO
V(K, J)=BVR
U(K,J)=BVZ
E(K,J)=BEO
IF (EMF. NE. 1.) GO TO 60
BO(K,J)=BBO
BR(K,J)=BBRO
BZ(K,J)=BBZO

60 CONTINUE
IF(EMF.EO.2.) PHI(K,J)=BPHIO
VISC=BVISCO
PERM=BPERMO

70 CONTINUE
GO TO 50

80 CONTINUE
WRITE (6,310)
WRITE (6,130)
IF <IRST. LT. J) GO TO 110

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C ~~~~~~~~~~~~~~~~~~~~~ RERD INPUT rRPE FOR RESTRRT ~~~~~~~~~~~~~~~~

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

REWIND 15
RERD (15) IRSr, NCYCLE, r, Dr
NMRX=NCYCLE+NMRX
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TIME=T
WRITE (6,150) IRST,NCYCLE, rIME
DO 100 IZ=I, JP2
DO 100 IX=I,KP2
IF (EMF. NE. 1.) GO TO 90
BFT=BO(JX,IZ>
BFR=BR(JX,IZ>
BFZ=BZ(JX,IZ>

90 CONTINUE
IF(EMF.EO.2.) BPHI=PHI(IX,IZ)
RERD(15) RHO( IX, IZ), U( IX, IZ), V( IX, IZ),E(IX, IZ),8Fr,8FR,8FZ,8PHI

100 CONTINUE
110 CONTINUE

CRLL GEOM
RETURN

C
C
C

120 FORHRT (//)
130 FORHRT( lH1)
140 FORHRT (//, 20X, 3R4, 5X, 3R4,//)
150 FORHRT (JX, 120(JHX),/,25X, 14HRESTRRT TRPE , 13,2X,JOHFOR CYCLE, 15

1,2X,8HRT TIHE ,EI2.4,4H SEC,/, IX, 120(IHX»
160 FORHRT (1615)
170 FORHRT (8E10.4)
180 FORHRT (5E10.4,215)
190 FORHRT (815)
200 FORHRT (8E10.4)
210 FORHRT (8E10.4)
220 FORHRT (8E10.4)
230 FORHRT (415,/,8E10.4,/,8E10.4)
240 FORHRT (9H KHRX ,9H JHRX ,9H IRXI ,9H IPrSF ,9H ISYM(1)

1 ,9H ISYH(2) ,9H ISYM(3) ,9H ISYM(4) ,9H NVECT ,9H NPDIM ,9H
2MCRLC ,9H IRST ,9H lOBO ,9H IPOT ,/, 14 (3X, 13,3X),//)

245 FDRHRT(2X, 4(J 1H RD ,11H XD ), /, 2X, 8(JX, FlO. 2), /)
250 FORHRT (2X,10H SPRCE ,2X,10H SPINSL ,2X,10H BRSEP ,2X,10H

1 DPOT ,2X,10H DVOLT ,2X,6HJPLMIN,2X,6HJPLMRX,/,5(2X,E10.4),2
2 (2X, 16),//)

260 FORMRT (10H NPRN ,10H KPDEL ,10H JPDEL ,10H NPLOT ,10
1H NDIGPL ,10H NMRX ,10H NCYCLE ,/,2X,15,6X,IS,5(4X,IS),//)

270 FORHRT (2X,10H DZO ,2X,10H DRO ,2X,10H ZMIN ,2X,10H
1 RHIN ,2X,10H MINDT ,2X,10H MRXDr ,2X,10H STR8 ,2X,10
2H TZERO ,/,8(JX,E11.4),//)

280 FORMRT (2X,10H RHOO ,2X,10H VZ ,2X,10H VR ,2X,10H
1 EO ,2X,10H BO ,2X,10H BR ,2X,10H BZ ,2X,10
2H PHI ,/,8(lX,Ell.4),//)

290 FORMRT (2X,10H VISCO ,2X,10H PERMO ,2X,10H MW ,2X,10H
1 RRFV ,/,4(IX,El1.4),//)

300 FORMRT (3X,20H Kl Jl K2 J2,/,3X,4IS,/,10H RHOO ,10H
1 VZ , 10H VR , 10H EO , 10H 80 , 10H BRO , 10
2H BZO ,10H PHIO ,/,IX,8E10.3,/,10H VISCO ,10H PERMO
3,/,IX,2EIO.3,//)

310 FORHRT (//, 128(1HJIl),/, 128( lHJIl),/, 128( lHJIl»
END
SUBROUTINE OUTPUT

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C PRINTS OUTPUT FOR HYDRODYNRMIC, MRGNETIC, ELECTRIC RND VISCOUS
C PRRRMETERS
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COMMON /CRRRRY/ RHO(45,225),U(45,225), V(45, 225),E(45, 225),PHJ(45,
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1225), BD(J, 1), BR(J, 1), BZ(J, 1), DE(}, 1)

CDHHDN ICDUTPI TI TLE(J 5), KPDEL. JPDEL. NPLDT, NPRN, NDIGPL. NGRRPH
CDHHDN ICHESHI KHRX,JHRX,KP1,JP1,KP2,JP2
CDHHDN ICBDUNDI DANGLE(225),1DBK(225),IDBL(225),ISYH(4),IAXI,IDBO
CDHHDN IGRAVTYI Gc, GR, GZ
CDHHDN ICTIHEI TIHE, DT, DTT, STRB, HINDT, HRXDT, NCYCLE, NHRX
CDHHDNICGRIDIR(45),RD(45),Z(225),DR(45),DZ(225),XD(45),ZHIN,RHIN,D

1Z0,DRO,IGRAPH(225),NBDUND
CDHHDN ICCALCI BL. EHF, HCRLC,NHRGN,NTHRH, IPDT, IDFN, IPTSF
CDHHDN ICINITI RHDO,VZ, VR,BO,BRO, BZO, EO, PHIO, PERHO, VEL DC, RRFV, PERM

1, NVECT, NPDIH
CDHHDNICHHDIINSJ(225),DVDLT,BASEP,DPDT,SPRCE,SPINSL,JPLMIN,JPLHRX
CDHHDNICHATRXI RCDEF(225), BCDEF(225), CCDEF(225),DCDEF(225), SUB(225

1),DIAG(225),SUP(225),CDNST(225)
CDHHDNICSTRSSITRRR(225), TZZR(225), TODR(22S),TRZR(22S),VISC,VISCO
CDHHDN ICTRPEI IRST
DIHENSIDN CDN(S2)
RERLJI(8 R,RD,RR
RERL JR,JZ,JR1,JZ1,INT,MINDT,MRXDT
DRTA BFT,BFR,BFZ,BPHIIO.,O.,O.,O.I

C
C

PDTN=O.
DD 10 KK=1,KP2

10 CDN(KK) =0.
ATM=1.013J1(10.JI(JI(6
WRITE (6,170)
WRITE (6,160) UI TLE( J), I=}, lS)

C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI( PRINrING HYDRDDYNRMIC VRRIRBLES Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(Jl(JI(JI(JI(WJI(JI(JI(JI(JI(JI(JI(

DD 20 J=1, JP2, JPDEL
WRITE (6,150) Z(J), TIME,DT
WRITE (6,220)
WRITE (6,190)
WRITE (6,220)
DD 20 L=l, KP2, KPDEL
I=KP2+1-L
RR=R(I)
IF (IRXI.EO.O) RR=R(I)-10.JI(JI(S
INT=E(I,J)-0.SJI((U(I,J)JI(JI(2+V(I,J)JI(JI(2)
GRMHR=GRHH(I.J)
P=(GRHHR-1.)JI(RHD(I.J)JI(INT
ZZ=Z(J)
CMRCH=O.
CHRCH=SORT(GRHHRJI(RBS(P)IRHD(I,J))
IF (CMRCH.NE.O.) CHRCH=(U(I,J)JI(JI(2+V(I,J)~JI(2)JI(JI(O.SICMRCH

TEHP=(E(I,J)-0.5J1((U(I,J)JI(JI(2+V(I,J)JI(JI(2))ICV(I,J,0,0)
P=PI(1.013J1(10.JI(JI(6)
WRI TE (6,180) J, I, RR,RHD(I, J), U(J, J),V(J, J),E(J, J)~ INT,P, TEMP, CHRC

1H
20 CDNTINUE

IF (BL. EO. O• •RND. EMF. NE. 1) GO TO 70
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI( PRINTING VISCDUS-MRGNETO (STRESS) VRRIRBLES Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(

WRITE (6.170)
DD 60 J=l, JP2, JPDEL
WRITE (6,1S0) Z(J),TIMt,DT
WRITE (6,220)
WRI TE (6,200)
WRITE (6,220)
00 60 L=1,KP2,KPOEL
J=KP2+1-L
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RR=R( I)
IF (fRXI. Ea. 0) RR=R(f )-}OOOOO.
TllIJ=O.
TRRIJ=O.
TDDIJ=O.
TRlIJ=O.
IF (f. Ea. KP2. DR. J.Ea. JP2) GO TD 40
IF (BL. Ea. 2) GO TD 30
ERRIPH=(V(I+},J)-V(I,J»/(R(I+})-R(I»
EllJPH=(U(I,J+})-U(I,J»/(l(J+})-l(J»
EDDIPH=(V(I+},J)+V(I,J»/(R(I+})+R(I»
ERlIPH=(U(I+},J)-U(I,J»/(R(I+})-R(I»
ERlJPH=(V(I,J+})-V(I,J»/(l(J+})-l(J»
EEIJPH=EllJPH+ERRIPH+EDDIPH
TRRIJ=(-2.~VISC~ERRIPH-2./3.~VISC~EEIJPH-BR(I,J)~~2/PERH)/RTH

TllIJ=(-2.~VISC~EllJPH-2./3.~VISC~EEIJPH-Bl(I,J)~.2/PERH)/RTH

TDDIJ=(-2.~VISC~EDDIPH-2./3.~VISC.EEIJPH-BD(I,J) ••2/PERH)/RTH
TRlIJ=(VISC~(ERlIPH+ERlJPH)-BR(I,J).Bl(I.J)/PERH)/RTH

30 IF (BL. Ea. J) GO TD 40
ERlPH=(U(I+},J)-U(I,J»/(R(I+})-R(I»
TRlI J=-EDDY( I, J).ERlPH

40 CDNTINUE
EDMU=EDDY(I,J)+VISC
IF (EMF. NE.},) GO TD 50
BFD=BD(I,J)
BFR=BR( I, J)
BFl=Bl(f, J)

50 CDNTINUE
WRITE (6,180) J, I,RR,BFD,BFR,BFl,EDHU, TllIJ. TRRIJ, TDOIJ, TRlIJ

1, TRlIJ
60 CDNTINUE
70 CDNTINUE

IF (EMF. LT. 2.) GO TD 100
C ~~~~~***~~~*~**~~*~.~~~••••~~~••••~•••••••~•••••••••••••••••••••••
C ~.~.~~~.~~ PRINTING ELECTRICRL VRRIRBLES •••••••••••••••••••••••••
C .~.~.~••~.~~.~.~•••M••••••••••••••••••••••••••••••••••••••••••••••

WRITE (6,170)
DD 90 J=1,JP2,JPDEL
WRITE (6,220)
WRITE (6,210)
WRITE (6,220)
DD 90 L=l, KP2, KPDEL
I=KP2+1-L
RR=R(1)
IF (fRXI.Ea.O) RR=R(f)-100000.
JR=O
Jl=O
IF (f. Ea. J.DR. I. Ea. KP2.DR. J.Ea. 1. OR. J.Ea. JP2) GO TO 80
IF U. Ea. 2) POTN=O.
UU=U( I, J)
VV=V(f, J)
CALL CURRNT (Jl, JR, El, ER, UU, VV, I, J, O. 0)
UU=U(f , J- J)
VV=V(f, J-J)
JM=J-1
CRLL CURRNT (Jl1, JRl , ElL ERl , UU, VV, I. JH.O. 0)
CDNU )=PDTN
PDTN=CDN(I)-(JR+JR})/2•• (l(J)-l(J-}»
IF (fPTSF. Ea. J) PDTN=CDN( J)-(El+EIJ)/2••(l(J)-l(J-/»
PVDL T=PHI ( I, J)Hf / O. HfHf( -8)
IF (fPTSF. NE. 2) PVOL T=POTN./O•••(-8)
PSI=PHI (I. J)
IF <IPTSF. [{}. 2) PSI=POTN

80 CONTINUE
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SIGG=SIG(I, J, 0, 0,0)
BETT=BETR(I,J,O,O)
RGRG=RGRS(P, n
T=(E( I, J)-O. 5}f((lj( I, J)}f(}f(2+V(I, J)}f(}f(2))/CV(I, J, 0, 0)
BB=B( I, J)
WRITE (6,180) J,I,PVOLT,PSI.BB,BETT,SIGG,JZ,JR,EZ,ER

90 CONTINUE
100 CONTINUE

IF (NDIGPL. NE. 0) CRLL DIGPL T
C }f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(
C }f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f( RESTRRT TRPE }f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(
C }f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(}f(

IF (MOD(NCYCLE,NPRN).NE.O) GO TO 130
IF (JRST.EO.O) GO TO 130
REWIND 15
WRITE (6,140) IRST,NCYCLE, TIME
TZERO=TIME
IRST=IRST+1
IF (IRST. EO. 0) IRST=l
LMRX=NMRX+NPRN
WRI TE (15) IRST, NCYCLE, TIHE, DT
DO 12D IZ=J,JP2
DO 120 IX=J,KP2
IF(EMF.EO.2.) PHI (IX, IZ)=BPHI
IF(EMF. NE. 1.) GO TO 110
BO(IX, Il)=BFT
BR(JX, I l)=BFR
BZ(JX, !l)=BFZ

110 CONTINUE
120 CONTINUE
130 CONTINUE

RETURN
C
C
C

140 FORMRT (JX, 120(JHX),/,25X, 14HRESTRRT TRPE , 13,2X, 10HFOR CYCLE, 15
1,2X,8HRT TIME ,E12.4,4H SEC,/, lX, 120(lHX))

150 FORMRT (/,25X,5HZ = ,E12.4,5X, 7HTIME = ,E12.4,5X,5HDT = ,E12.4,/)
160 FORMRT (25X,15R4,/)
170 FORMRT (JHJ)
180 FORMRT (2(2X,I3),9(lX,E12.5))
190 FORMRT (2X,3H J ,2X,3H I ,13H R ,13H . DENSITY ,13H

1VELOC-Z ,13H VELOC-R ,13H TOT ENERGY ,13H INT ENERGY ,13H
2 PRESSURE ,13H TEMPERRTURE ,13H MRCH NO ,/, lOX, 13H CM
3 , 13H GH/CM3 , 13H eM/SEC , 13H CM/SEC , 13H ERG/G
4M , 13H ERG/GM , 13H RTMOSPHERES , 13H DEGREE K , 13H
5-- ,//)

200 FORMRT (2X,3H J ,2X,3H I ,13H R ,13H B ,13H
1 BR ,13H BZ ,13H EDDY+VISC ,13H TZZ ,13H
2 TRR ,13H TOO ,13H TRZ ,/, lOX, 13H CM
3 , 13H GRUSS , 13H GRUSS , 13H GRUSS , 13H GM/CM-
4SEC ,13H RTM ,13H RTM ,13H RTM ,13H R
STM ,//)

210 FORMRT (2X,3H J ,2X,3H I ,13H POTENTIRL ,13H STRERM FNCT ,13H
1 B ,13H BETR ,13H ELECT COND ,13H JZ ,13H
2 JR ,13H EZ ,13H ER ,/, lOX, 13H VOLTS}f(E8
3 ,13H RMP/CM38 ,13H GRUSS ,13H , 13H MHO/M E
411 , 13H RMP/CM2 , 13H RMP/CM2 , 13H GRUSSCM/SEC , 13HGRUSS
SCM/SEC )

220 FORMRT (2X,124(lH}f())
END
SUBROUTINE GRRPH

c
c
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C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C WRITES TO DISK VRLUES OF RLL VRRIRBLES FOR RLL CELLS INORDER
C FOR PLOTTING LRTER
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COMMON /CARRAY/ RHO(4S. 22S). U(4S.22S). V(4S. 22S).E(4S. 22S). PHI (4S.
122S).BO(1.1).BR(1.1).BZ(1.1).DE(1.1)

COMMON /CMESH/ KMAX. JMAX.KP1. JP1.KP2.JP2
COMMON /CBOUND/ DANGLE(22S).IOBK(22S).IOBL(22S).ISYM(4).IRXI.IOBO
COMMON /GRAVTY/ Ge. GR. GZ
COMMON /CTIME/ TIME. DT. DTT. STRB. MINDT, MRXDT, NCYCLE, NMRX
COMMON/CGRID/R(4S),RD(4S).Z(22S),DR(4S),DZ(22S),XD(4S),ZMIN,RHIN,D

lZ0.DRO.IGRAPH(22S).NBOUND
COMMON /CCALC/ BL EMF. MCALe. NMRGN. NTHRH. IPOT, IDFN.IPTSF
COMMON/CSTRSS/TRRA(22S). TZZR(22S). TOOR(22S), TRZR(22S), VISC, VISCO
COMMON /CINIT/ RHOO. VZ. VR.BO.BRO,BZO.EO,PHIO,PERMO. VELOC,RRFV,PERH

1. NVECT. NPDIM
COMMON/CMHD/INSJ(22S).DVOLT.BRSEP.DPOT.SPRCE.SPINSL.JPLHIN.JPLHRX
COMMON/CMATRX/ RCOEF(22S),BCOEF(22S), CCOEF(22S),DCOEF(225), SUB (225

1).DIRG(225).SUP(225),CONST(225)
DIMENSION DUMVAR(50). DNM(525). CON(52)
COMMON /TPL T/ TPL TMI. TPL THR. TPL TOE, TPL TOL, TZERO, T
RERLJt(B R.RD
REAL JR.JZ,JR1.Jll.INT

C
C Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(
C Jt(Jt()I(Jt(Jt(Jt(}U}OOfl SUBROUTINE RDPL T CONTRINS R VRRIRBLE LIST Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(
C Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt()I(Jt(Jt(Jt(Jt(Jt(Jt(Jt()I(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(

POTN=O.
GAMMA=GAMM(1.1)
LBJ=O
NUM=KP2Jf(JP2
RIMH=O.
DO 110 1=J,KP2
DO 110 J=1. JP2
DO 10 L=01. 36

10 DUMVAR(L)=O.
RIPH=R(I)+DR(I)/2.
IF (J. EO. J) GO TO 20
RIMH=R(I-1)+DR(I)/2.

20 LBJ=LBJ+1
C Jt(Jt(Jf(Jf(Jt(Jt(Jf(Jf(Jt(Jf(Jt(Jf(Jf(Jf(Jf(Jf(Jt(Jf(Jf(Jt(Jt(Jt(Jf(Jt(Jt(Jf(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(
C Jl(JI(Jt(Jf(Jf(Jf(Jf(Jf(JI( ASSIGNS VRLUES OF CELL (J, J) TO DUMVRR RRRRY JJ(Jt(Jt(}IOtJt(Jt(Jt(Jt(Jt(Jt(
C Jt(Jt(Jf(Jt(Jf(Jt(Jt(Jt(Jf(Jt(Jt(Jt(JI(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jf(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(Jt(

DUMVAR(J )=1
DUHVAR(2)=J
Y=R( I)
IF (fAX!. EO. 0) Y=R( f)-100000.
DUHVAR(3)=Y
DUHVAR(4)=Z(J)
DUHVAR(S)=DR( I)
DUHVAR(6)=DZ(J)
DUHVARO)=U(J. J)
DUHVAR(B)=V( I. J)
INT=E(I.J)-0.SJt(U(I.J)Jt(Jt(2+V(I.J)Jt(Jt(2)
DUHVAR(9)=(GAHHA-1.)Jt(RHO(I,J)Jt(/NT
DUHVAR(10)=E(I. J)
DUMVAR(11 )=/NT
DUHVRR(12)=SORT(GAHMAJt(RBS <DUHVAR(9) ) /RHO( I , J) )
IF <DUMVAR(9). NE. 0.) DUMVRR(13)=(U(J, J)Jt(Jt(2+V( I, J)Jt(Jt(2)Jt(Jt(0. 5/S0RT(Gf/

lMHRJt(ABS(DUMVRR(9))/RHO(I,J))
DUHVRR(14)=RHO(/,J)
OUHVRR(15) =3. 1416MRHO(I,J)Jt(RIPHJt(Jt(2-RIHHJt(Jf(2)MDZ(J)
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IF (EHF.EO.l.) DUHVRR(16)=BD(I,J)
IF (J.EO.KP2.DR.J.EO.JP2) GO Til 40
ERRIPH=(V(I+l,J)-V(I,J»/(R(I+l)-R(I»
EZZJPH=(U(I,J+l)-U(I,J»/(Z(J+l)-Z(J»
EDDIPH=(V(I+l,J)+V(I,J»/(R(I+l)+R(I»
ERZIPH=(U(I+l,J)-U(I,J»/(R(I+l)-R(I»
ERZJPH=(V(I,J+l)-V(I,J»-(Z(J+l)-Z(J»
EEIJPH=EZZJPH+ERRIPH+EDDIPH
TRRIJ=-2.~VI5C~ERRIPH-2./3.~EEIJPH

TZZIJ=-2.~VI5C~EZZJPH-2./3.~EEIJPH

TDDIJ=-2.~VI5C~EDDIPH-2./3.~EEIJPH

TRZIJ=VI5C~(ERZIPH+ERZJPH)

IF (EHF.NE.l.) GO Til 30
TRRIJ=TRRIJ+BR(I,J)~~2/PERH

TZZIJ=TZZIJ+BZ(I,J)~~2/PERH

TDDIJ=TilDIJ+BD( I, J)~~2/PERH
TRZJJ=TRZJJ+BR(I,J)~BZ(I,J)/PERH

30 CDNTINUE
DUHVRR(17)=TRRIJ
DUHVRR(lB)=TZZIJ
DUHVRR(l9)=TDDIJ
DUHVRR(20)=TRZIJ

40 CDNTINUE
DUHVRR(21 )=TIH£
DUHVRR(22)=DT
DUHVRR(23)=VI5C
IF (EHF.EO.l.) DUHVRR(24)=BR(I,J)
IF (EHF.EO.l.) DUHVRR(25)=BZ(f,J)
IF (EHF. EO. 0.) GO Til 50
JZ=O
JR=O
IF (J. EO. 1. DR. I. EO. KP2. DR. J. EO. 1. DR. J. EO.JP2) GO TD 50
IF (J.EO.2) PDTN=O.
UU=U(I.J)
VV=V(J,J)
CRLL CURRNT (JZ, JR, EZ, ER, UU, VV, I, J, 0, 0)
UU=U(J, J- 1)
VV=V(I,J-1)
JH=J-l
CRLL CURRNT (JZ1, JR1, EZ1, ER1, UU, VV, I, JH, 0, 0)
DUHVRR(26)=JR
DUHVRR(27)=JZ
DUHVRR(19)=(JR-BETR(I.J,0.0)~JZ)/5IG(I.J.0,0,0)+U(I.J).8(I.J)

DUHVRR(20)=(JZ+8ETR( I. J. O. O).JR)/SIG(I. J. O. O. O)-V(I. J).B( I. J)
CDN(I)=PDTN
PDTN=CDN(I)-(JR+JR1)/2••(Z(J)-Z(J-l»
IF (IPT5F.EO.l) PDTN=CDN(I)-(EZ+EZ})/2,.(Z(J)-Z(J-}»

50 CDNTINUE
GRHHR=GRHH(J,J)
DUHVRR(28)=GRHHR
5I=5IG(I,J,O,O,O)
DUHVRR(29)=51
SIGMR=5.668.10•••(-5)
DUHVRR(30) =0.
KDBL=KP2+1-ID8L (J)
IF (J. GE.IDBL (J» DUHVRR(SO)=2.
IF (NVECT. EO. 1) GO Til 60
IF (J.LE.KDBL) DUHVRR(30)=2,

60 CDNTINUE
CVV=CV(I. J, O. 0)
OUHVRR(Sl)=lNT/CVV
IF(EHF.NE.2,) GO TO 65
PVOL T=PHl( [, J).10, ••(-8)
IF (IPTSF. NE. 2) PVOL T=POTN.}O•••(-8)
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PS/=PHf( I. J)
If UP TSf. Ea. 2) PSI=PDTN
DUHVAR(32)=PVDLT
DUHVAR(33)=PSI
BET=BETA( I, J, 0.0)
DUHVAR(34)=BET
DUHVAR(35)=COND(I,J,O,0)

65 CONTINUE
If U. GT. 1. AND. l. LT. KP2. AND. J. GT. J. AND. J. LT. JP2) DUHVRR(36)=(U(1+1
1,J)-U(I-J,J))/(2.~DR(I))+(V(I,J+J)-V(I,J-J))/(2.MDZ(J ))

DUHVAR(9)=DUHVAR(9)/(1.0J3~JO.~M6)

If (LBJ. EQ. J) INUHB=O
IND.=INUHB)I(36
DD 70 HIN=J,36
INO=INUHB)I(36+HIN

70 DNH( INO)=DUHVAR01IN)
INUHB=INUHB+J
If (I.EQ.KP2.AND.J.EQ.JP2) INUHB=O
If (INUHB.EQ.J4) INUHB=O
If U. LT. KP2. OR. J. LT. JP2) GO TO 90
LHJ=INO+J

C )I()I()I()I()I()I()I()I()I()I()I()I()I()I()I()I(~)I()I()I(~~)I(~)I()I()I(~)I(~)I()I()I(~)I()I(~~~~~~~~~~~~~~~~~~~~~~~¥¥~~¥~¥

C ~¥~~JlOI()I(JI( WRITES TO DISK (UNIT J4) BLDCKED DRTR Of THE ¥¥¥¥¥~¥~~~¥JI(

C ~¥~~~~~JI(~~~~)I(~)I()I(~~~JI(JI( CELL PRRAHETER VRLUES JI(~JI(¥JI(~JI(JI(JI(JI(JI(~JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(

C Jl(JI(~)I(~JI(~~JI(~JI(~~~~JI(~~JI(~JI(JI(~JI(JI(JI(~~JI(JI(~JI(JI(JI(JI(JI(JI(~~~JI(JI(~~JI(JI(~~JI(M~JI(JI(JI(Jl(MJI(JI(JI(JI(MMJI(JI(JI(JI(

DD 80 LH=LHl. 504
80 DNH(Lf1)=0.
90 If UNUHB. GT. 0) GO TO JOO

WRITE (J4) WNM(KX),KX=J,504), TIHE,NCYCLE,DT
T=TIHE

100 CONTINUE
If (J.EQ.KP2.RND.J.EQ.JP2) PRINT J20, TIHE,NCYCLE

110 CONTINUE
RETURN

C
C
C

120 fORMAT (J2H T.NCYCLE ,2X,El2.4,2X,I5)
END
SUBROUTINE DIGPL r

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C GENERATES DIGI TAL PLOTS
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COHMON /CARRAY/ RHO(45,225),U(45,225), V(45,225),E(45,225),PHI(45,
1225),BO(J,J),BR(J,J),BZ(J,J),DE(J,J)

COHHON /CHESH/ KHAX,JHAX,KPJ,JPJ,KP2,JP2
COHHON /CBOUND/ DANGLE(225),IOBK(225),IOBL(225),ISYH(4),IRXI,IOBa
COHHON /GRAVTY/ GC,GR,GZ
COHHON /CTIHE/ TIHE, DT, DTT, STAB, HINDT, HRXDT, NCYCLE, NHAX
COHHON/CGRID/R(45),RD(45),Z(225),DR(45),DZ(225),XD(45) , ZHIN, RHIN,D

lZ0,DRO,IGRAPH(225),NBOUND
COHHON /CCALC/ BL.EHf,HCRLC,NMAGN,NTHRM,IPDT,IDfN,IPTSf
COMMON /CINIT/ RHOO, VZ, VR,BO,BRO,BZO,EO,PHIO,PERMO,VELDC,RRFV,PERH

1, NVECT, NPDIH
CDHHON/CHHD/INSJ(225),DVOL T, BASEP, DPDT, SPRCE, SPINSL, JPLHIN, JPLHRX
CDHHON/CHATRX/ RCOEf(225),BCDEf(225),CCDEF(225),DCDEF(225),SU8(225

1),DIRG(22S),SUP(225),CDNST(22S)
DIHENSION /PL T(J32)
RERL-8 R.RD
RERL JR.JZ.JZHIN.JZHRX,JRHIN.JRHRX,INT
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c
c

RTH=1.013~10.~~6

GRHHR=GRHH(l,l)
PRHB=1.0~RTH

RHIN=RHD(l,l)
RHRX=RHD(l,l)
UHIN=U(1,1)
UHRX=U(l,l)
VHIN=V(J,1)
VHRX= V(J , 1)
PHIN=E(1,1)~RHD(1,1)~(GRHHR-1.)

PHRX=E(1,1)~RHD(1,1)~(GRHHR-1.)

CHIN=(U(1,1)~~2+V(1,1)~~2)~~0.5/S0RT(GRHHR~RBS(PMIN)/RHD(l,l))

CHRX=(U(1,1)~~2+V(1,1)~~2)~~0.5/S0RT(GRHMR~RBS(PMIN)/RHD(l,l))

PHIN=E(1,1)~RHD(1,1)~(GRHHR-1.)/RTM

PHRX=E(1,1)~RHD(1,1)~(GRHHR-1.)/RTH

TMIN=10. ~~7
THRX=-10. ~~7

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C ~~~~~~~~ SEEKING HINIHUH/HRXIMUH VRLUES FDR PRESSURE, ~~JU~~~~~~~~

C ~~~~~~~~~~~~~ VELDCITIES, DENSITY, HRGN INDUCTIDN ~~~~~~~~~~~~~~~~

C ~~~~~~~~~~~~~~~~~~~ RND HRCH NUHBER ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~M~~~~M~~~~~~mm~~mmmmm~m~m~mmmmmm~~mm

DD 10 K=l, KP2
DD 10 J=l, JP2
INT=E(K,J)-0.5~(U(K,J)~m2+V(K,J)mm2)

GRHHR=GRHH(K,J)
P=(GRHHR-1.)~RHD(K,J)mINT

IF (RHD(K,J).NE.O.) CHRCH=SQRT(GRHHRmRBS(p)/RHD(K,J))
IF (CHRCH.NE.O.) CHRCH=(U(K,J)mm2+V(K,J)mm2)mmO.5/CHRCH
P=P/RTH
RHIN=RHIN1 (RHIN,RHD(K, J))
RHRX=RHRX1 (RHRX,RHD(K, J))
UHIN=RHIN1(UHIN,U(K,J))
UHRX=RHRX1(UHRX,U(K,J))
VHIN=RHIN1(VHIN, V(K,J))
VHRX=AHRX1(VHAX, V(K,J))
PHIN=AHIN1 (PHIN, P)
PHRX=AHRX1 (PHAX, P)
CHIN=AHIN1(CHIN,CHRCH)
CHRX=AHRX1(CHRX,CHRCH)
T=INT/CV(K, J,O, 0)
THIN=AHIN1(T, THIN)
THAX=AHRX1(T, THRX)

10 CDNTINUE
DD 50 KJ=1,6
IF (KJ. EO. 1. RND. PHIN. EO. PHAX) GO TO 50
IF (KJ. EO. 2. RND. CHIN. EO. CHAX) GO TO 50
IF (KJ.EO.3.RND.RHIN.ED.RHRX) GO TO 50
IF (KJ. EO. 4. AND. THIN. EO. THAX) GO TO 50
IF (KJ.ED.5.RND.UHIN.ED.UHRX) GO TO 50
IF (KJ.EO. 6. RND. VHIN.ED. VHRX) GO TO 50
WRITE (6,180)
IF (KJ. ED. 1) WRITE (6, 190) PHIN, PHAX
IF (KJ.ED.2) WRITE (6,200) CHIN,CHAX
IF (KJ.ED.3) WRITE (6,210) RHIN,RHRX
IF (KJ. ED. 4) WRITE (6,300) THIN, THAX
IF (KJ.ED.5) WRITE (6,230) UHIN,UHRX
IF (KJ. EO. 6) WRITE (6,240) VHIN, VHRX
OD 20 NX=1,12S
IPLHNX)=O

20 IF (NX. GT.10S. RNO. NX. LT.116) IPLT(NX)=NX-106
CRLL PRTPL T (!PL T, 115)
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JDIFF=1+JP1/120
DD 40 L=1.KP2.JDIFF
K=KP2-L+1
11=0
DO 30 J=1.JP2.JDIFF
11=11+1
INT=E(K.J)-0.5w(U(K.J)ww2+V(K.J)ww2)
P=(GAHHR-1.)wRHD(K.J)wINT
IF (RHD(K.J).NE.O.) CI1RCH=SORT(GAHHRwRBS(P)/RHO(K.J»
IF (CHRCH.NE.D.) CHRCH=(U(K.J)ww2+V(K.J)ww2)w.0.5/CHRCH
P=P/RTH
T=INT/CV(K.J.O.O)

C wwwwwwwwwwwwwwwwwwwwwwwwwwwwww.w••ww••••••w.w•••••••••••••••••••••
C MMMwwMw•••wwww.wINTERPDLRTINGBETWEENHRXRNDHIN ••~••MM.MM••MMM
C www.www•••••ww••w••w••w•••••w.wwwwww••••••••••••••••••••••••••••••

IF (KJ.EO.1) IPLT(H)=(P-PHIN)/(PHRX-PHIN).9.9
IF (KJ.EO.2) IPLT(H)=(CHRCH-CHIN)/(CHRX-CHIN).9.9
IF (KJ.EO.3) IPLT(I1)=(RHD(K.J)-RHIN)/(RHRX-RHIN).9.9
IF (KJ. Ea. 4) IPL T(H)=( T- THIN)/<THRX- TI1IN).9. 9
IF (KJ.EO.5) IPLT(I1)=(U(K,J)-UI1IN)/(UI1RX-UI1IN).9.9
IF (KJ. Ea. 6) IPL T(I1)=(VO(, J)-VHIN)/(VHRX-VHIN)M9. 9
KOBL =KP2+1- IDBL (J)
IF (K. GE. IOBL (J» IPL T(H)=-)
IF (NVECT. Ea. J) GO TO 30
IF (K. LE. KDBL) IPL T(11)=-}

30 CONTINUE
N=JP2/JDIFF
CALL PRTPL T (JPL r,N)

40 CONTINUE
50 CONTINUE

IF(EHF. NE. 2.) GO TO 170
JZHIN=10.ww12
JRHIN=10.•w12
JZMRX=-10.w.J2
JRHRX=-JO.ww12
PHIMIN=PHI(J.J)
PHIHAX=PHf(1. J)
SIGHIN=+10.ww6
SIGHAX=-JO.ww6
BETHIN=+10.ww6
BETHRX=-10.ww6
BHIN=10.ww7
BHRX=-10.•w7

C wwwwwwwwwwwwwwwwwwwwwwwww.www••wwwww.ww.w•••••ww.w.w.w.w•••w••••••
C wwwwwwww SEEKING HINIHUH/MRXIHUH FDR CURRENTS, TEHPERRTURE •••••••
C www.wwwwW.J/fWWW HRLL PRRRHETER. ELECTRIC CONDUCTION RND •••••••••••
C wwwwwwwwwwwww. POTENTIRL OR STRERH FUNCTION ••••••••••••••••ww••••
C wwwwwwwwwwww.wwwwwwwwww.wwwwww.www•••w••w•••••••••••••••••••••••••

DO 90 K=1.KP2
DO 90 J=1.JP2
IF (K.Ea.1.0R.K.EO.KP2.0R.J.EO.1.0R.J.EO.JP2) GO TO 80
I=K
IF <IPTSF. NE. 2) GO TO 60
DPHIDZ=(PHI(K.J+J)-PHI(K.J-1»/(Z(J+1)-Z(J-1»
DPHIDR=(PHI(K+1.J)-PHI(K-1.J»/(R(K+1)-R(K-1»
JZ=SIG(I.J.0.0.1).«-DPHIDZ+V(I.J).8(I.J»-8ErR(I.J,0,0). (-DPHIDR-

lU(I.J)wB(I.J»)
JR=SIG(I.J.0.0.1)w(BETR(I,J.0.0).(-DPHIDZ+V(I,J).S(I,J»+(-DPHIDR­

lU(I.J)wB(I.J»)
GO TO 70

60 JZ=(PHI(I+l,J)-PHI(I-},J»/(2••DR(I»
JR=-(PHI(I,J+})-PHI(I,J-}»/(2••DZ(J»

70 CONTINUE
JZI1IN=RHIN}(JZHIN,JZ)
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JZHRX=RHRX1(JZHRX,JZ)
JRHIN=RHIN1(JRHIN,JR)
JRHRX=RHRX1 (JRHRX, JR)

80 SIGHIN=RHIN1(SIG(K.J.0.0.0).SIGHIN)
SIGHRX=RHRX1 (SIG(K. J. O. 0, 0), SIGHRX)
BETHIN=RHIN1 (BETR(K. J. 0, 0), BETHIN)
BETHRX=RHRX1(BETR(K, J, 0, 0), BETHRX)
IF (EHF. EO. 1.) BP=(BO(K, J)JKJK2/PERH+BR(K, J)JKJK2/PERH+8Z(I(, J)11fJI12/PERH

J)/RTH/2.
IF (EHF.NE.1.) BP=B(K,J)JKJK2/PERH/RTH
BHIN=RHIN1(BHIN,BP)
BHRX=RHRX1(BHRX.BP)
PHIHIN=RHIN1 (PHIHIN,PHI(K. J))
PHIHRX=RHRX1 (PHIHRX,PHI(K. J))

90 CONTINUE
DO 160 KJ=7, 12
IF (KJ.EO.7.RND.JZHIN.EQ.JZHRX) Gil Til 160
IF (KJ.EO.8.RND.JRHIN.EO.JRHRX) Gil Til 160
IF (KJ.EO.9.RND.PHIHIN.EO.PHIHRX) Gil Til 160
IF CKJ.EO.10.RND.SIGHIN.EO.SIGHRX) Gil Til 160
IF (KJ.EO.11.RND.BETHIN.EO.BETHRX) Gil Til 160
IF (KJ.EO.12.RND.BHIN.EO.BHRX) Gil Til 160
WRITE (6,180)
IF (KJ.EO. 7) WRITE (6,250) JZHIN,JZHRX
IF (KJ. EO. 8) WRITE (6,260) JRHIN, JRHRX
PVL THI=PHIHIN
PVL THR=PHIHRX
IF (JPTSF. EO. 2) PVLTHI=PVL THIJK10. JKJK(-8)
IF (JPTSF. EO. 2) PVL THR=PVL THRJK10. JKJK(-8)
IF (KJ. EO. 9) WRITE (6,270) PVL THI, PVL THR
IF (KJ.EO.10) WRITE (6,280) SIGHIN,SIGHRX
IF (KJ.EO.11) WRITE (6,290) BETHIN,BETHRX
IF (KJ.EQ.12) WRITE (6,220) BHIN.BHRX
DO 100 NX=1.125
IPL HNX)=O

100 IF (NX.GT.105.RND.NX.LT.116) IPLT(NX)=NX-106
CRLL PRTPL T (IPL T.115)
JDIFF=1+JP1/120
DO 150 L=1.KP2. JDIFF
K=KP2-L+1
11=0
DO 140 J=1.JP2.JDIFF
I1=H+1
IF (K.EQ.1.0R.K.EQ,KP2.DR.J.EQ.1.DR.J.EQ.JP2) GO TO 130
I=K
IF (JPTSF.NE.2) Gil Til 110
DPHIDZ=(PHI(K.J+1)-PHI(K,J-1))/(Z(J+1)-Z(J-1))
DPHIDR=(PHI(K+1,J)-PHI(K-1.J))/(R(K+1)-R(K-}))
JZ=SIG(K.J,O.O.})JK((-DPHIDZ+V(K.J)JKB(K.J))-BETR(K.J.O,O)JK(-DPHIDR-

}U(K.J)JKB(K,J)))
JR=SIG(K,J.O.O.})JK(BETR(K,J.O.O)JK(-DPHIDZ+V(K.J)JKB(K.J))+(-DPHIDR­

}U(K.J)JKB(K.J)))
Gil TO 120

110 JZ=(PH1(I+l.J)-PHI(I-}.J))/(2.JKDR(I))
JR=-(PHI(I,J+})-PHI(I.J-}))/(2.JKDZ(J))

120 CDNTINUE
C JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJK
C JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJK INTERPOLRTING BETWEEN HRX RND HIN JKJKJKJKJKJKJKJKJKJKJKJKJKJKJK
C JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJK

IF (KJ. EQ. 7) IPL HH) =(JZ-JZHIN)/(JZHRX-JZHIN)JK9. 9
IF (KJ. EO. 8) IPL UH)=(JR-JRHIN)/(JRHRX-JRHIN)JK9. 9

130 IF (KJ. EO. 9) IPL UH)=(PHI (K. J)-PHIHIN)/(PHIHRX-PHIHIN)JK9. 9
IF (KJ, EO. 10) IPL T(1)=(SIG(K. J. 0, 0, 0)-SIGMIN)/(SIGMRX-SIGMIN)Nl9. 9
IF (KJ. EO. 11) IPL T<H)=(BETR(K. J. a. 0)-BETHIN)/(BETHRX-BETHIN)Nl9. 9

293

AE DC-T R-77-1 05

960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023



AEDC-TR-77-105

IF (EHF. Ea. 1.) BP=(BO(K, J)JlOK2IPERH+BR(K, J)JNJN2IPERH+8Z(K, J)JNJN2IPERH
1)IRTHI2.
IF (EHF.NE.1.) BP=B(K,J)JKJK2IPERHIRTH
IF (KJ.EO.12) IPLT(H)=(BP-BHIN)I(BHRX-BHIN)-9.9
IF (KJ.EO.9.0R.KJ.EO.12) GO TO 140
IF (K.EO.1.0R.K.EO.KP2) GO TO 150
KOBL=KP2+1-IOBL (J)
IF (K. LE. KOBU IPL T<H)=-l
IF (NVECT. Ea. J) GO TO 140
IF (K. GE. IOBL (J» IPL T(H)=-1

140 CONTINUE
N=JP2IJDIFF
CRLL PRTPL T (IPL T, N)

150 CONTINUE
160 CONTINUE
170 CONTINUE

RETURN
C
C
C

180 FORHRT (11111)
190 FORHRT (20X,12H PRESSURE ,5X,4H HIN,1X,E12.4,5X,4HHRX ,E12.4,10X

1, 11HRTHOSPHERES,II)
200 FORHRT (20X,12H HRCH NO , 5X, 4H HIN,lX,E12.4,5X,4HHRX ,E12.4,10X

1, 11H DHL S , II)
210 FORHRT (20X,12H DENSITY , 5X, 4H HIN,lX,E12.4,5X,4HHRX ,E12.4,10X

1, 11H GHICH3 , II)
220 FORHRT (20X,12H HRGN PRESS ,5X,4H HIN,lX,E12.4,5X,4HHRX ,E12.4,10X

1, 11HRTHOSPHERES,II)
230 FORHRT (20X,12HRXIRL-VELOC ,5X.4H HIN.1X,E12.4,5X,4HHRX ,E12.4,10X

1, 11H CHISEC •II)
240 FORHRT (20X,12HRRDIRL-VELOC,5X,4H HIN.1X,E12.4,5X,4HHRX ,E12.4,10X

1,l1H CHISEC ,II)
250 FORHRT (20X,12H CURRENT - Z,5X.4H HIN,lX.E12.4,5X,4HHRX ,E12.4,10X

1, 11HRBCOULISEC ,II)
260 FORHRT (20X.12H CURRENT - R,5X.4H HIN,lX.E12.4.5X.4HHRX ,E12.4,10X

1. 11HRBCOULISEC , II)
270 FORHRT (20X,12H PHI OR PSI .5X.4H HIN,lX.E12.4,5X.4HHRX ,E12. 4, lOX

1,l1H .11)
280 FORHRT (20X.12HCONDUCTIVITY.5X.4H HIN, 1X.E12, 4,5X,4HHRX ,E12, 4, lOX

1, 11HHHOIH Ell. II)
290 FORHRT (20X.12HHRLL PRRRHTR.5X.4H HIN,lX,E12.4,5X,4HHRX ,E12. 4, lOX

1. 11H DHL S , II)
300 FORHRT (20X,12H TEHPERRTURE.5X,4H HIN.1X,E12,4,5X,4HHRX ,E12,4,10X

1.11H DEG K ,II)
END
SUBRDUTINE PRTPLT (R.N)

c
c
c xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxXXXXXXXXXXXX
C DIGITAL PRINT (SHRDE) ROUTINE
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

IMPLICIT INTEGER (R-Z)
DIHENSION R(J32), B(132), SPECCH(3)
DRTR ONEl1H'I, TWOl1HII, THREEl1HXI, FOURl1HOI, FIVEI1HIII, SIXI1HtJI, SEV

1ENl1H-I,BLRNKI1H I,SPECCHl1HM,1HW,1HII
DRTR DOTI1H.I

C
C

DO 10 1=1.132
10 B( J)=BLRNK

DO 20 I=1,N
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IF (R(I).EO.-1) 8([)=DOT
IF (R([).EO.1) 8([)=ONE
IF (R([).EO.2) 8([)=TIIO
IF (R([).EO.3) 8(I)=THREE
IF (R([).GE.4) 8([)=FOUR

20 CONTINUE
WR[TE (6.130) 8
DO 30 1=1.132

308(1)=8LRNK
DO 40 l=l.N
IF (A(/). LT. 4) GO TO 40
IF (R(I).EO.4) 8(1)=SEVEN
IF (R(I).EO.5) 8(/)=TIIO
IF (R(/).GE.6) 8(/)=THREE
FLRG=l

40 CONT/NUE
IF (FLRG.EO.O) GO TO 120
WRITE (6.140) 8
FLRG=O
DO 50 1=1.132

508(1)=8LRNK
DO 60 I=J.N
IF (R(/). LT. 7) GO TO 60
IF (R(I).EO. 7) 8(/)=SEVEN
IF (R([).GE.8) 8(/)=FIVE
FLRG=l

60 CONTINUE
IF (FLRG. Ea. 0) GO TO 120
WR[TE (6.140) 8
FLRG=O
DO 70 [=1.132

70 8(/ )=BLRNK
DO 80 l=l.N
IF (A(/). L T. 8) GO TO 80
IF (R(I).EO.8) 8(/)=THREE
IF (R(I).EO.9) 8(/)=S/X
FLRG=l

80 CONTINUE
IF (FLRG. Ea. 0) GO TO 120
WRITE (6.140) 8
FLRG=O
DO 90 1=1.132

90 B(I)=BLRNK
DO 110 [=1.3
DO 100 J=l.N
IF (A(J). NE. 9) GO TO 100
8(J)=SPECCH(/)
FLRG=l

100 CONTINUE
.IF (FLRG. Ea. 0) GO TO 120
WRITE (6.140) 8

110 CONTINUE
120 RETURN

C
C
C

130 FORHRT (lH , 132RJ)
140 FORHRT (lH+,132R1)

END
SU8ROUTINE GEOM

c
c
c XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C SETS UP GR/O GEOMETRY 8Y SPRC/NG CELLS RT /NTERVRLS OF (OR,OZ)
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C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 1152
C 1153
C 1154

COHHON /CHESH/ KHRX, JHRX,KP}, JP}, KP2, JP2 1155
COHHON/CGRID/R(45),RD(45),Z(225),DR(45),DZ(225),XD(45),ZHIN,RHIN,0 1156

lZo,DRo,IGRRPH(225),NBOUND 1157
COHHON /CBOUND/ DRNGLE(225), IOBK(225),IOBL(225), ISYH(4), IRXI, IOBQ 1158
RERLH(8 R,RD 1159

C 1160
C 1161

DZ(J)=DZo 1162
DR(I)=DRo 1163
Z(I)=ZHIN+DZ(I)/2. 1164
R(I)=RHIN+DR(})/2. 1165
IF (fRXI.EO.o) R(J)=R(J)+I00000. 1166
DO 10 1=2.KP2 1167
DR(I)=DRO 1168

10 R(I )=R( I-} )+(DR(I )+DR(1-1 »/2. 1169
DO 20 J=2.JP2 1170
DZ(J)=DZO 1171

20 Z(J)=Z(J-l)+(DZ(J)+DZ(J-}»/2. 1172
RETURN 1173
END 1174
SUBROUTINE BOUND 1175

C 1176
C 1177
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 1178
C BOUNDRRY VALUES ASSIGNED AT BOTTOH, LEFT, TOP RND RIGHT FRCES 1179
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 1180
C 1181
C 1182

COHHON /CARRAY/ RHO(45, 225), U(45,225), V(45,225),E(45,225),PHJ(45, 1183
1225).BO(I.}).BR(},}),BZ(},}),DE(I,I) 1184

COHHON /CHESH/ KHAX, JHAX,KP}, JPl,KP2,JP2 1185
COHHON /CBOUND/ DANGLE(225),IOBK(225),IOBL(225),ISYH(4),IAXI,IOBO 1186
COHHON /GRAVTY/ GC,GR,GZ 1187
COHHON /CTIHE/ TIHE, DT, OTT, STAB, HINDT, HAXDT, NCYCLE, NHRX 1188
COHHON/CGRID/R(45),RD(45),Z(225),DR(45),DZ(225),XD(45) , ZHIN, RHIN, 0 1189

lZo,DRo,IGRAPH(225),NBOUNO 1190
COHHON /CCALC/ BL,EHF,HCALC,NHAGN,NTHRH,IPOT,IDFN,IPTSF 1191
COHHON /CINIT/ RHOo,VZ,VR,Bo,BRO,BZO,EO,PHIO,PERHD,VELOC,RRFV,PERH 1192

1, NVECT. NPOIH 1193
COHHON/CHHD/INSJ(225),DVOLT,BASEP,DPOT,SPACE,SPINSL,JPLHIN,JPLHAX 1194
COHHON/CHATRX/ ACOEF(225),BCOEF(225),CCOEF(225),DCOEF(225),SU8(225 1195

1),DIRG(225),SUP(225),CONST(225) 1196
REAU(8 R, RD, RR, RDIST, RRG 1197
DATA NO/o/ 1198

C 1199
C 1200
C ISYH =J (BOTTOH), =2 (LEFT), =3 (TOP), =4 (RIGHT) 1201
C IF( ISYH( ) =+1 =TRANSHISSIVE, = -1 =REFLECTIVE 1202
C IF(ISYH( ) =+2 =FIRST DERIVRTIVES OF RHO,U,V RND P RRE CONSTRNT 1203

KP3=KHRX+3 1204
JP3=JHAX+3 1205

C *****wwwwwwww*ww*w*wwwmmwmwwmmmwwmwmwmm••w•••mw•••••w••••••••••••• 1206
C 1207

IF (fSYH(J). Ea. 0) GO TO 20 1208
IP=ISYH( J)/IABS(ISYH( J» 1209
00 10 J=I, JP2 1210
RHO(I,J)=RHO(2,J)+(RHO(2,J)-RHO(3,J»w(IRBS(ISYH(I»-J) 1211
U(},J)=+U(2,J)+(U(2,J)-U(3,J».(/ABS(/SYH(}»-}) 1212
V(I,J)=V(2,J)MIP+(V(2,J)-V(3,J»w(/RBS(/SYH(J»-}) 1213
E(J,J)=E(2,J)+(E(2,J)-E(3,J».(/RBS(/SYH(}»-J) 1214
E(},J)=E(},J)-(U(2,J).w2+V(2,J)••2)/2.+(U(},J).w2+V(J,J)••2)/2.-« 1215

296
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lU(2,J)~~2+V(2,J)~~2)/2.-(U(3,J)~~2+V(3,J)~~2)/2.)~(IRBS(ISYH(I))-1 1216
2) 1217

C 1218
IF (EHF. NE.l.) GO TO 10 1219
BD(I,J)=BD(2,J)+(B(2,J)-B(3,J))~(IRBS(ISYH(I))-1) 1220
BR(1,J)=BR(2,J)+(BR(2,J)-BR(3,J))~(IRBS(ISYH(1))-1) 1221
BZ(1,J)=BZ(2,J)+(BZ(2,J)-BZ(3,J))~(IRBS(ISYH(1))-I) 1222

10 CDNTINUE 1223
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1224

20 IF (JSYH(2). EO. 0) GO TO 40 1225
IP=ISYH(2)/IRBS (ISYH(2)) 1226
DD 30 K=1,KP2 1227
RHD(K,I)=RHD(K,2)+(RHD(K,2)-RHD(K,3))~(IRBS(ISYH(2))-1) 1228
U(K,1)=U(K,2)~IP+(U(K,2)-U(K,3))~(IRBS(ISYH(2))-1) 1229
V(K,1)=+V(K,2)+(V(K,2)-V(K,3))~(IRBS(ISYH(2))-I) 1230
E(K,1)=E(K,2)+(E(K,2)-E(K.3))~(IRBS(ISYH(2))-1) 1231
E(K.l)=E(K.l)-(U(K,2)~~2+V(K.2)~~2)/2.+(U(K,1)~~2+V(K, 1)~~2)/2.-« 1232
lU(K,2)~~2+V(K,2)~~2)/2.-(U(K.3)~~2+V(K.3)~~2)/2.)~(IRBS(ISYH(l))-1 1233
2) 1234

C 1235
IF (EHF. NE.l.) GO TO 30 1236
BD(K.1)=BD(K.2)+(BD(K.2)-BD(K.3))~(IRBS(ISYH(2))-1) 1237
BR(K.l)=BR(K,2)+(BR(K,2)-BR(K,3))~(IRBS(ISYH(2))-I) 1238
BZ(K,I)=BZ(K.2)+(BZ(K,2)-BZ(K,3))~(IRBS(ISYH(2))-I) 1239

30 CDNTINUE 1240
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1241
C 1242

40 IF (JSYH(3).Ea.0) GO TO 60 1243
IP=ISYH(3)/IRBS( ISYH(3)) 1244
DD 50 J=J, JP2 1245
RHV(KP2,J)=RHD(KP1.J)+(RHD(KP1.J)-RHD(KHRX.J))~(IRBS(ISYH(3))-1) 1246
U(KP2.J)=U(KP1.J)+(U(KP1.J)-U(KHRX,J))~(IRBS(ISYH(3))-1) 1247
V(KP2,J)=V(KP1,J)~IP+(V(KP1.J)-V(KHRX.J))~(IRBS(ISYH(3 ))-}) 1248
E(KP2,J)=E(KP},J)+(E(KP},J)-E(KHRX.J))~(IRBS(ISYH(3))-1) 1249
E(KP2,J)=E(KP2,J)~(U(KP}.J)~~2+V(KP1,J)~~2)/2.+(U(KP2,J)~~2+V(KP2, 1250
lJ)~~2)/2.-«U(KP1,J)~~2+V(KP},J)~~2)/2.-(U(KHRX,J)~~2+V(KHRX,J)~M2 1251
2)/2.)~(IRBS(ISYH(1))-1) 1252

C 1253
IF (EHF. NE. 1.) GO TO 50 1254
BD(KP2.J)=BD(KP}.J)+(BD(KP}.J)-BD(KHRX,J))~(IRBS(ISYH( 3))-}) 1255
BR(KP2.J)=BR(KP},J)+(BR(KP1,J)-BR(KHRX,J))~(IRBS(ISYH(3))-1) 1256
BZ(KP2.J)=BZ(KP1.J)+(BZ(KPI,J)-BZ(KHRX,J))~(IRBS(ISYH(3))-1) 1257

50 CDNTINUE 1258
C ~~~~MMMM~MMMMMWWMWMMWMWWW~WWWWWWWWMwwwwwwwwwwwWWWWWWWMMMMMMMMMMMMM 1259
C 1260

60 IF (JSYH(4).Ea.0) GO TOBO 1261
IP=ISYH(4)/IRBS(ISYH(4)) 1262
DD 70 K=I,KP2 1263
RHD(K.JP2)=RHD(K,JP1)+(RHD(K.JP1)-RHD(K,JHRXi)~(IRBS(ISYH(4))-}) 1264
U(K, JP2)=U(K, JP1)MIP+(U(K, JP})-U(K, JHRX))w(IRBS(ISYH(4 ))-1) 1265
V(K, JP2)=V(K. JP1)+(V(K, JP1)-V(K,JHRX))M(IRBS(ISYH(4))-1) 1266
E(K,JP2)=E(K,JP})+(E(K,JP})-E(K,JHRX))w(IRBS(ISYH(4))-I) 1267
E(K,JP2)=E(K,JP2)-(U(K.JP})MM2+V(K,JP})MM2)/2.+(U(K.JP2)~M2+V(K,JP 1268

12)Mw2)/2.-«U(K,JP1)MM2+V(K,JP})wM2)/2.-(U(K,JHRX)ww2+V(K,JHRX)MM2 1269
2)/2.)M(IRBS(ISYH(1))-1) 1270

C 1271
IF (EHF. NE. 1.) GO TO 70 1272
BD(K,JP2)=BD(K,JP})+(BD(K,JP})-BD(K.JHRX))w(IRBS(ISYH(4))-1) 1273
BR(K,JP2)=BR(K,JP})+(BR(K.JP})-BR(K.JHRX))M(IRBS(ISYH(4))-1) 1274
BZ(K. JP2)=BZ(K.JPJ)+(BZ(K. JPJ)-BZ(K, JHRX))M(IRBS(ISYH(4))-1) 1275

70 CDNTINUE 1276
80 CONTINUE 1277

C 1278
C OBL IOUE BOUNORRY CONOI TIONS 1279
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c
IF (lOBO. EO. 0) GO TO /BO
JBORL=l
JBDRH=JP2
NO=NO+/
KT=O
DO 170 J=JBORL, JBDRH
IK=IRBS( lOBO)
IF (lU). LT. XD( J). DR. Z(J). GT. XD(JI(» GO TO / 70
DO 160 HIT=l,NVECT
I/r/=O
KI11=KP2/2
KI12=KI11 +1
IF (NVECT. EO. 1) KI11 =KP2
DO 150 N=1, KI11
IF (I1IT.EO.l) K=N+KI11
IF (11IT.EO.2) K=KI12-N
IF (NVECT. EO. 1) K=N
I=K-l
IF (NO-J) 90,90,100

90 CRLL OBLOUE (J,RDIST,DELTR)
C wwwwwwwwwwwwwwwwwwwwwWWWWWW••M•••••M•••••••••M••••M•••••••••••••MM
C RDIST SHOULD BE DOUBLE PRECISION ON IBM MRCHINES
C WMMWMWWMWWWWWMM.MMMWMWWMWM.MMM••••M••M.MMMMMMMMMMMMMMMMMMMMMMMMMMM

RR=R(K)
IF (RDIST-RR) 1/0,/10,140

/00 IF (11IT.EO.l.RND.K.GE.IOBL(J» GO TO JJO
IO=KP2+J-IOBL (J)
IF (11IT.EO.2.RND.K.LE.10) GO TO JJO
GO TO 140

/ /0 I/r/=I/r/+l
IF (J/r/. GT. J) GO TO 130
IF (NO.GT.l.RND.I1IT.EO. J) DELTR=DRNGLE(J)
IF (NO.GT.l.RND.I1IT.EO.2) DELTR=-DRNGLE(J)
DEL TX=DEL TR
L=l
IF (I1IT.EO.2) L=-l
THETR=O.
NN=K-L

C MWMMMMMMMMWMWWMMMWMMMMMWMWWMMMMWWMWWM.MW••MMM•••••••••••••••M••••M
C MWM.WWWMMMMMMMMMMMMMWM SETTING V.N CONDITIONS •••••••••••••••••••M
C MMMMWWMMMMMWWWMWWMMMMMMMMW••••W••••••M•••••••••••••••••••••••••••M

IF (V(NN, J). NE. 0.) THETR=V(NN, J)/RBS(V(NN, J».2. M3. 14/6/360. M90.
IF (v(NN, J). NE. 0.) THETR=RTRN(V(NN, J)/U(NN, J»
IF (THETR.GT.O•• RND.U(NN,J).LT.O.) THETR=THETR+3./416
IF aHETA. L T. 0•• RND. U(NN, J). LT. 0.) THETR=THETR+3,1416
VC=(U(K-L,J)••2+V(K-L,J)••2)••0. 5
VX=IOBQ/IRBS( IOBO).cosaHETR+DEL TX).VC
VY=-SINaHETR+DEL TX).VC
U(K, J)=VYMSINWEL TX)+VX.COSWEL TX)
V(K, J)=VY.COSWEL TX)-VX.SIN(DEL TX)
RHO(K,J)=RHO(K-L,J)
E(K, J)=E(K-L. J)
IF (EI1F. NE.l.) GO TO 120
BO(K,J)=BO(K-L,J)
BR(K,J)=BR(K-L,J)
BZ(K,J)=BZ(K-L,J)

/20 CONTINUE
IF (N0.EO.2.RND./POT.NE.0) CRLL PLRTE (J,M/T)
IF (NO. GT. 1) GO TO 140
JLEFT=JBDRL +1
JRIGHT=JBDRH-1
IDBI((J)=K+1
/OBL (J)=K
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IGRAPH(J)=K
DANGLE(J)=DEL TA
GO TO 140

130 RHD(K,J)=RHOO
U(K,J)=VZ
V(K, J)=VR
E(K,J)=EO
IF (EHF. NE.l.) GO TO 140
BO(K,J)=BO
BR(K,J)=BRO
BZ(K,J)=BZO

140 CONTINUE
150 CONTINUE
160 CONTINUE
170 CONTINUE
180 CALL SPEC

RETURN
END
SUBROUTINE OBLQUE (J,RDIST,DELTA)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C OBLIQUE BOUNDARY COORDINATES
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COHHON /CHESH/ KHAX,JHAX,KPj, JPl,KP2, JP2
COHHON /CBOUND/ DANGLE(225), IOBK(225), IOBL(225),ISYH(4),IAXI, IOBQ
COHHON/CGRID/R(45),RD(45),Z(225),DR(45),DZ(225),XD(45),ZMIN,RMIN,D
REAL~8 R,RD,RDIST, YDIST
DATA IKT/D/

C
C

IOB=IABS(IOBQ)
IKT=IKT+l
IF (IKT. GT. 1) GO TO 20
DO 10 JH=I, lOB

10 RD(JH)=RD(JH)+100000.~(I-IAXI)

20 CONTINUE
JIP=1
HHAX=IOB-l
DO 30 H=2,HHAX
IF (Z(J).GT.XO(H)) JIP=H

30 CONTINUE
YDIST=RD(JIP)+(Z(J)-XD(JIP))/(XD(JIP+I)-XD(JIP))~(RD(JIP+l)-RD(JIP

J))

ARG=(RD(JIP+l)-RD(JIP))/(XD(JIP+l)-XD(JIP))
DEL TX=-ATAN(ARG)
DEL TA=DEL TX
RDIST=YDIST
RETURN
END
SUBROUTINE PLATE (J, HI n

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C DEFINES ELECTRODE/INSULATOR PAIRS
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COMMON/CMHD/INSJ(225),DVOLT,BASEP,DPOT,SPACE,SPINSL,JPLMIN,JPLMAX
DATR IKT,KT/O,I/

c
c
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c
c
c
c
c
c
c

c
C

c
C

INSJ(J) =-1
IF (J.LT.JPLMIN.OR.J.GT.JPLMRX) RETURN
ISPRCE=SPRCE+l.
INSUL=SPRCE+SPINSL
IF (MIT. EO. 1) IKT=IKT+l
IF (lKT. EO. ISPRCE. RND. MIT. EO. 1) KT=KT+l
IF (IKT. LT. ISPACf) INSJ(J)=KT
IF (IKT.GE.ISPACE) INSJ(J)=-l
IF (lKT. EO. INSUL. AND. MI T. EO. 2) IKT=D
RETURN
END
SUBROUTINE BNDPOT (I, J)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~....
DEFINES ELECTRICAL BOUNDARY CONDITIONS
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.~~~~.~~ ~.•....~ .

COMMON ICARRAYI RHO(45,225),U(45,225), V(45, 225), E(45, 225), PHI (45,
1225),BO(1,1),BR(1,1),BZ(1,1),DE(1,1)

COMMON ICMESHI KMAX, JMAX,KP1, JP1,KP2,JP2
COMMON ICBDUNDI DANGLE(225),IOBK(225),IOBL(225),ISYM(4),IRXI,IOBO
COMMON IGRAVTYI GC,GR,GZ
COMMON ICTIMEI TIME, DT, DTT, STAB, MINDT, MAXDT, NCYCLE, NMAX
COMMONICGRIDIR(45),RD(45),Z(225),DR(45),DZ(225),XD(45),ZMIN,RHIN,0

lZ0,DRO,IGRAPH(225),NBOUND
COMMON ICCALCI BL.EMF,MCALC,NMAGN,NTHRH, IPOT, IOFN, IPTSF
COMMON ICINIT/ RHOO,VZ, VR,BO,BRO,BZO,EO,PHIO,PERHO,VELOC,RRFV,PERH

1, NVECT, NPDIM
COMMONICMHDIINSJ(225), DVOL T, BASEP' DPOT, SPRCE, SPINSL. JPLHIN, JPLHRX
COMMONICMATRXI ACOEF(225),BCOEF(225),CCDEF(225),OCOEF(225),SUB(225

1),DIAG(225),SUP(225),CONST(225)
COMMONIETRODEIRNODE(225),CRTHOD(225)
REAUtI(B R,RD

BET=10.
IF (J.EO.2) INSLNO=O
I1=KP2-IOBL (J)+2
12=IOBL (J)-1
K=I-1
IF (I. EO. 12) K=I+1
IN=l
IF (I. EO. 12) IN=2
L=INSJ(J)
H= INSJ(J- 1)
IF (INSJ(J).GT.O) INSLNO=INSJ(J)
IF (I.EO.11.AND.INSJ(J).EO.l.AND.INSJ(J-1).LT.0) RNOOE(L)=O.
IF (I.EO.12.AND.INSJ(J).EO.l.AND.INSJ(J-1).LT.0) CATHOO(L)=O.
IF (I.EO.l1.AND. INSJ(J).GT. 1. AND. INSJ(J-1).LT.O) ANODE(L)=RNODE(L­

11)
IF (I. EO. 12. AND. INSJ(J). GT. 1. AND. INSJ(J-J).LT. 0) CRTHOO(L)=CRTHOD(

lL-J)
IF (I. EO. 11. AND. INSJ(J). GT. 0) ANODE(L)=ANOOE(L)-CUR(I,J)~DZ(J)

IF (I. EO. 12. AND. INSJ(J). GT. 0) CATHOD(L)=CATHOD(L)-CUR(I,J).OZ(J)
IF(INSJ(J).GT.O) WRITE(6,1250) INSJ(J),J,I,11,12,L,RNOOE(L),CRTHO
lD(L)
IF (I.EO.l1.AND.INSJ(J).GT.0) PHI(K,J)=PHI(K+1,J)-BETR(K,J,1,0).OR
1(K)IDZ(J)~(PHI(K+1,J+1)-PHI(K+1,J-1))12.

IF (I. EO. 12. RND.INSJ(J). GT. 0) PHI<K, J)=PH/(K-J, J)+BETR(K, J, -1,0).0
1R(K)IOZ(J)M(PHI(K-J,J+l)-PHI(K-1,J-1))12.
IF (I. £0. 11. RND. INSJ(J). GT. O. RNO. BET. GT. 2. 5) PHI (K, J)=(+BETR(K, J, a

J,O)MDR(K)/DZ(J).(-4••PH!(K,J-1)+PH!(K,J-2))-4,.PH!(K+J,J)+PH!(K+2,
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C
C

CONNON /CRRRRY/ RHO(45,225),U(45,225),V(45,225),E(45,225),PHI(45,
1225),BO(J,J),BR(J,J),BZ(J,J),DE(J,J)

CONHON /CHESH/ KNRX,JHRX,KPJ, JPJ,KP2, JP2
COHMON /CBOUND/ DRNGLE(225), IOBK(225), IOBL(225), ISYM(4),IRXI, 1080
COMMON /GRRVTY/ GC,GR,Gl

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C CONPUTES TIHE INTERVRL BETWEEN CYCLES BRSED DN STRBILITY CRITERIR
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C RSSIGNS SPECIRL PRRRNETER VRLUES EVERY CYCLE
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C
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2J))/(3.m(-J.-BETR(K,J,0,0)mDR(K)/DZ(J)))
IF (1. EO. I2.RND. INSJ(J). GT. O.RND. BET. GT.2. 5) PHI(K,J)=(-BETR(K,J,O

1, 0)mDR(K)/DZ(J) m(-4. mPHI(K,J+J)+PHI(K,J+2))+4. mPHI(K-J,J)-PHI(K-2,
2J))/(3.m(J.+BETR(K,J,O,0)mDR(K)/DZ(J)))

IF (I.EO.IJ.RND.INSJ(J).EO.-J.RND.INSLNO.EO.O) PHI(K,J)=O.
IF a.EO. 1J.RND. INSJ(J).EO. -LRND. INSLNO. NE. 0) PH/(K,J)=RNODEaNSL

INO)
IF n. EO. 12. RND. INSJ(J). EO. -J. RND. INSLNO. EO. 0) PH/(K, J)=O.
IF a.EO. I2.RND. INSJ(J).EO. -LRND. INSLNO.NE.O) PH/(K,J)=CRTHODaNS

/LNO)
IF (J.EO.JPJ) PHI(I,JP2)=PHI(II-J,JPJ)
IF (I.EO.IJ) PHI(IJ-2,J)=2.mPHI(IJ-l,J)-PHI(IJ,J)
IF a. EO. 12) PH/(12+2, J)=2. mPHf( I2+J, J)-PHf(12, J)
RETURN

END
SUBROUTINE SPEC

CONNON /CRRRRY/ RHO(45,225),U(45,225), V(45, 225),E(45, 225), PHI (45,
1225),BO(J,J),BR(J,J),BZ(J,J),DE(J,J)

CONNON /CNESH/ KNRX, JNRX. KPJ, JP1. KP2, JP2
CONNON /CBOUND/ DRNGLE(225), IOBK(225), IOBL(225), ISYN(4),IRXI, lOBO
CONNON /GRRVTY/ Gc,GR,GZ
CONNON /CTINE/ TINE, DT, DTT, STRB, NINDT, NRXDT, NCYCLE, NNRX
CONNON/CGRID/R(45),RD(45),Z(225),DR(45),DZ(225),XD(45),ZNIN,RHIN,D

lZ0,DRO,IGRRPH(225),NBOUND
CONNON /CCRLC/ BLEHF,NCRLC,NNRGN,NTHRN, IPOT, IDFN, IPTSF
CONNDN /CINIT/ RHOO,VZ, VR,BO,BRO,BZD,EO,PHIO,PERNO,VELOC,RRFV,PERM

1, NVECT, NPDIH
CONI1DN/CNHD/INSJ(225),DVOLT,BRSEP,DPOT,SPRCE,SPINSL,JPLMIN,JPLMRX
CONNDN/CNRTRX/ RCDEF(225),BCOEF(225), CCOEF(225),DCOEF(225), SUB(225

J),DIRG(225),SUP(225),CONST(225)
COHNON/ETRODE/RNODE(225),CRTHOD(225)
RERLmB R,RD
DRTR IKT/O/

IKT=IKT+J
IF (IKT. GT. J) GO TO 20
DO JO J=J, JP2
RNODE(J)=0.

10 CRTHOD (J)=O.
20 CONTINUE

RETURN
END
SUBROUTINE TNESTP

c

301



C

AEDC-TR-77-105

COMMON /CTIME/ TIME, DT, DTT, STRB, MINDT, MRXDT, NCYCLE, NMRX
COMMON/CGRID/R(4S),RD(4S),Z(22S),DR(45),DZ(22S),XD(4S),ZMIN,RMIN,D

lZO,DRO,IGRRPH(22S),NBOUND
COMMDN/CSTRSS/TRRR(22S), TZZR(225), TDDR(22S), TRZR(225), VISC, VISCO
CDMMDN /CCRLC/ BL,EMF,MCRLC,NMRGN,NTHRM,IPDT,IDFN,IPTSF
CDMMDN /CINIT/ RHDO, VZ, VR, BO, BRO, BZO, EO, PHIO, PERMO, VELDC,RRFV,PERH

1, NVECT, NPDIM
CDMMDN/CMHD/INSJ(22S),DVDLT,BRSEP,DPOT,SPRCE,SPINSL,JPLHIN,JPLHRX
COMMON /COUTP/ TITLE(15), KPDEL , JPDEL. NPLOT, NPRN, NDIGPL, NGRRPH
CDMMDN/CMRTRX/ RCOEF(22S), BCDEF(225), CCOEF(22S).DCDEF(225). SUB(225

1), DIRG(225). SUP(225).CONST(225)
RERL~8 R,RD
RERL INT,HINDT.MRXDT
DRTR DTHIN, DTHRM. DHRGN. DCONVH. DVISCH. DVISCZ. DVISCR. DHTZ. DHTR. DCONV
lR,DCONVZ/ll~I.E6/

DRTR DTZ, DTR, DHGZ. DHGR/4~1. E6/
DRTR BT/O./

c
c

GRMMR=GRMM(l,l)
STRBMG=0.4
DO 10 J=2, JPl
DO 10 K=2,KPI
INT=E(K,J)-0.S~(U(K,J)~~2+V(K,J)~~2)

IF (EMF. EO. 1.) BT=(BO(K,J)~~2+BR(K,J)~~2+BZ(K,J)~~2)/STRBMG

VISC=VIS(K,J, 0, 0)
P=(GRMMR-l.)~RHO(K,J)~INT

c
IF (P.NE.O.OR.BT.NE.O.) DTZ=DZ(J)/(SORUBT/(RHO(K.J)JHPERH)+RBS(GRH
lMR~P/RHO(K,J»»

US=RBS(U(K,J»
IF (US.GT.0.00001) DCONVZ=DZ(J)/RBS(U(K.J»
CND=CDND(K,J,O.O)
IF (CND.NE.O.) DHTZ=DZ(J)~~2~RHO(K,J)~CV(K.J.0,0)/(2.JHCND)

DMGZ=DZ(J)~~2~PERM~SIG(K,J,0,0,0)/2.

IF (VISC.NE.O.) DVISCZ=0.S~RHO(K,J)~DZ(J)~JH2/VISC

c
IF (P.NE.O.OR.BT.NE.O.) DTR=DR(K)/(SQRT(BT/(RHO(K.J)JHPERH)+RBS(GRH
lMR~P/RHD(K,J»»

VS=RBS(V(K, J»
IF (VS.GT.0.00001) DCONVR=DR(K)/RBS(V(K.J»
IF (CND.NE.O.) DHTR=DR(K)~~2~RHO(K,J)~CV(K.J.0.0)/(2.JHCNO)

DMGR=DR(K)~~2~PERM~SIG(K,J,0,0,0)/2.

IF (VISC.NE.O.) OVISCR=0.S~RHD(K,J)~DR(K)JHJH2/VISC

C
C ELECTRIC FIELD DTEF =RHO(J.J)/(SIGJHB(J.J)JHJH2)

IF (oTZ. LT. DTMIN) DTMIN=DTZ
IF (oTR. LT. DTMIN) DTMIN=DTR
IF (OCDNVZ. LT. DCONVf1) DCONVM=DCONVZ
IF (OCDNVR. LT. DCONVM) DCDNVM=DCONVR
IF (OHTZ. LT. DTHRM) DTHRM=DHTZ
IF (oHTR. LT. DTHRf1) DTHRM=DHTR
IF (OMGZ. LT. DMRGN) DMRGN=DMGZ
IF (oMGR. LT.DMRGN) DMRGN=DHGR
IF (OVISCZ.LT.DVISCM) DVISCH=DVISCZ
IF (OVISCR. LT. DVISCM) DVISCH=DVISCR
IF (OCONVH. LT. DTHIN) DTHIN=DCONVM

10 CONTINUE
DT=DTMIN~STRB

DMRGN=DMRGN~STRBHG

DTHRH=DTHRM~STRB

IF (DT. LT. HINOT) DT=HINDT
IF (DT, GT. HRXDT) DT=HRXDT
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NCONV=DCONVMIDT
NVISC=DVISCMIDT
IF (MOD(NCYCLE,NPRN).EO.O) WRITE (6,20) DT,DCONVM,DTHRM,DMRGN,DVIS

lCM, NCONV,NTHRM, NMRGN,NVISC
RETURN

C
C
C

20 FORMRT (2X,15HTlME STEP (SEC),2X,12H HYDRO ,2X,12H CONVECTION
1 ,2X,12HTHERMRL COND,2X,12H MRGN DFSN ,2X,12HVISCOUS DFSN,7H NCO
2NV,9H NTHRM,9H NMRGN,9H NVISC,II, 19X,5(E12.5,2X),4(J8, lX)
3,11)

END
SUBROUTINE HULLPl

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C LRGRRNGIRN REFERENCE FRRME - CRLCULRTION OF U, V RND E RT TIME(N+l)
C BRSED ON VRLUES OF RHO, U, V, £, PHI RND BO, BR, BZ (OR B) RT
C TIME (N+l)
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COMMON ICRRRRYI RHO(45,225),U(45,225), V(45,225), E(45, 225), PHI (45,
1225),BO(1,1),BR(},1),BZ(1,1),DE(1,1)

COMMON ICMESHI KMRX,JMRX,KP1,JP1,KP2,JP2
COMMON ICBOUNDI DRNGLE(225),IOBK(225),IOBL(225),ISYM(4),IRXI,IOBO
COMMON IGRRVTYI Ge, GR, GZ
COMMON ICTIMEI TIME, DT, DTT, STRB, MINDT, MRXDT, NCYCLE, NMRX
COMMONICGRIDIR(45),RD(45),Z(225),DR(45),DZ(225),XD(45),ZMIN,RMIN,0

lZ0,DRO,IGRRPH(225),NBOUNO
'COMMON ICCRLCI BL,EMF,MCRLC,NMRGN,NTHRM,IPOT,IDFN,IPTSF
COMMON ICINITI RHOO, Vl, VR, BO,BRO, BIO, EO,PHIO, PERMO, VELOC, RRFV, PERM

1, NVECT, NPDIM
COMMONICMHDIINSJ(225),DVOLT,BRSEP,DPOT,SPRCE,SPINSL,JPLMIN,JPLMRX
COMMONICMRTRXI RCOEF(225),BCOEF(22S),CCOEF(22S),DCDEF(225),SUB(225

1),DIRG(225),SUP(225),CDNST(225)
COMMONICSTOREIRHOF(2,225), UF(2,225), VF (2,225), EF(2,225), MFR(225),

lUR(225),VR(225),UFR(225), VFR(225),EFR(225),PR(225)
COMMDNICSTRSSITRRR(225), TIIR(225), raOR(225), TRZR(225),VISC,VISCO
COMMON ICMRGNIBFR(225),BZIR(225),BZFR(225),BF(2,22S),BFR(2,225),

1BFI(2, 225)
RERLJI(B R,RD,RDIFF,RIPH,RIMH,RIP3H
RERL JRIPH,JIIPH,JRJPH,JZJPH,JR1,JZ1,JR2,JZ2,JR,JZ
RERL MU, LRM, MFR, NIP! ,NJP1, M
DRTR THRM, DEVU, DEVV, DEVE, ILID. , D. , O. , O. ,0/

c
C
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(/KJI(JI(JI(Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(
C Jl(JI(JI(JI(JI( BL=O. ([NVISCID); BL=I. fLRMINRR); BL=2. (TURBULENT> lKJI(lKJI(lKJI(lK
C lKJI(JI(JI(JI( EMF=O. (NO EMF); EMF=}. (HRGN INDC); EMF=2. (LORENTZ) Jl(JI(JI(JI(JI(lK
C lKJI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(lKlKlKJI(JI(lKJI(lKJI(JI(lKJI(lKJI(lKlKlKJI(JI(lKJI(lKlKlKlKlKlKJI(lKJI(JI(lKJI(JI(lKlKJI(JI(lKlKJI(lKJl(JI(lKJI(JI(JI(lKlKJI(JI(JI(JI(
C
C
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(lKJI(JI(MJI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(MJI(JI(JI(JI(lKJI(JI(JI(JI(MJI(JI(JI(JI(JI(JI(JI(JI(JI(Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(lK
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(lKJI(JI(JI(JI(JI(JI(lKlKJI( PHRSE ONE lKJI(JI(JI(lKJI(JI(lKlKlKJI(JI(JI(JI(JI(lKJI(lKJI(JI(.JI(lKJI(JI(JI(lKlKlKJI(
C Jl(JI(JI(JI(JI(JI(JI(lKJI(JI(lKJI(lKJI(lK.lKlKlKlK••lKJI(.lK.lKlKlK••JllK••lK••JI••lIlKlK.IIJ11lKlK.lfllKJI(lK.lK.lK.JI(lKJI(••lK

lL=lL +1
GRMMR=GRMH(},})
lLRM=O
PI=3.J4}6
IPSO=}
00 J30 I=}, IfP}
IPSO=-IPSO
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IPS=2
IPF=l
IF (IPSO. L T. 0) IPS=l
IF (IPSO. LT. 0) IPF=2
DO 130 J=l, JPl
PM=PERM
RIPH=R(I)+DR(I)/2.
IF (I. EO. 1) RIMH=R(1)-DR(J)/2.
IF (I.GT.l) RIMH=R(I-l)+DR(I)/2.
RIP3H=R(I+J)+DR(I+l)/2.
RDIFF=RIPH)/()/(2-RIMHw)/(2

C W)/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(w)/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(M)/()/()/()/()/()/()/()/()/(
C )/()/()/()/()/()/()/(w)/()/()/()/()/()/( COMPUTING MRSS RND DENSI TY RT TIME(N) )/()/()/()/()/()/()/()/()/()/()/()/()/(
C )/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(

M=RHO(I,J))/(PI)/(RIPH)/()/(2-RIMH)/()/(2))/(DZ(J)
MIPl=RHO(I+l,J))/(PIw(RIP3H)/()/(2-RIPH)/()/(2))/(DZ(J)
f1JPl=RHO(I,J+l))/(PI)/(RIPH)/()/(2-RIMH)/()/(2))/(DZ(J+J)
RHOIPH=(M+MIPl)/(PI)/(RIP3H)/()/(2-RIMH)/()/(2))/(DZ(J))
RHOJPH=(f1+MJPl)/(PI)/(RIPH)/()/(2-RIMH)/()/(2))/(DZ(J)+DZ(J+1)))

C )/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(w)/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(

C )/(J/()/()/()/( COMPUTING DENSI TY RND PRESSURE RT CELL INTERFRCE )/()/()/()/()/()/()/()/()/()/()/(
C )/()/(W)/(W)/()/()/()/()/()/()/()/()/()/()/()/()/()/( RT TIf1E(N+l/2) )/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(
C )/(J/()/()/()/(J/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(

RHOIPH=RHOIPH)/(1.-DT/(2.)/(RIPH))/(R(I+1))/(V(I+1,J)-R(I))/(V(I,J))/(R(I+
11 )-R(J)))
RHOJPH=RHOJPHw(1.-DT/2.)/(U(I,J+l)-U(I,J))/(Z(J+l)-Z(J) ))
P=(GRMMR-l.))/(RHO(I,J))/(E(I,J)-0.5)/(U(I,J))/()/(2+V(I,J))/()/(2))
PIPl=(GRMf1R-l.))/(RHO(I+l,J))/(E(I+J,J)-0.5)/(U(I+l,J))/()/(2+V(l+l,J))/()/(2)

J)
PJPl=(GRMMR-l.))/(RHO(I,J+l))/(E(I,J+l)-0.5)/(U(I,J+l))/()/(2+V(I,J+l))/()/(2)

J)

IF (EMF. NE.l.) GO TO 10
C )/()/()/()/()/(W)/()/()/()/()/()/()/()/()/()/(W)/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(
C )/()/()/()/()/()/()/()/(W)/()/(W)/()/()/()/()/()/()/(W)/( MRGNETIC PRESSURE )/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(
C )/()/(J/()/()/()/()/()/()/()/()/(J/()/()/()/()/()/()/()/()/()/()/()/()/()/(J/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(

BP=BO(I,J))/()/(2+BR(I,J)J/()/(2+BZ(I,J))/()/(2
BPIPl=BO(I+l,J))/()/(2+BR(I+l,J))/()/(2+BZ(I+l,J))/()/(2
BPJPl=BO(I,J+l))/()/(2+BR(I,J+l))/()/(2+BZ(I,J+l))/()/(2
P=P+BP/(2.)/(PERM)
PIPl=PIPl+BPIPl/(2.)/(PERM)
PJPl=PJPl+BPJPl/(2.)/(PERM)

C )/()/()/()/()/()/(J/()/()/(J/()/(J/(J/()/()/()/()/(J/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(J/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(
C J/()/()/( CRLCULRTION OF VELOCITIES RT CELL INTERFRCE RT TIf1E(N+l/2) J/()/()/(
C )/()/()/()/()/()/()/( BRSED ON PRESSURE, GRRVI TY RND LORENTZ FORCE )/()/()/()/()/(J/()/()/(J/()/()/()/()/(
C )/(J/()/()/()/()/()/(J/()/()/()/()/()/()/()/(J/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(

10 UJPH=(U(I,J)+U(I,J+l))/2.-DT/(2.)/(RHOJPH))/(PJPl-P)/(Z(J+l)-Z(J))-GZ
I)/(OT/2.
UIPH=(U(I,J)+U(I+l,J))/2.
VIPH=(V(I+l,J)+V(I,J))/2.-DT/(2.)/(RHOIPH))/(PIPl-P)/(R(1+l)-R(I))-GR

I)/(OT/2.
VJPH=(V( I, J)+V( I, J+l ))/2.
PIPH=(PIPl+P)/2.)/(1.-DT)/(GRMMR)/(R(I+1))/(V(I+1,J)-R(I))/(V(1,J))/(2.)/(RI

IPH)/(R(I+l)-R(I))))
PJPH=(PJPl+P)/2.)/(1.-DT)/(GRMMR)/(U(I,J+l)-U(I,J))/(2.)/(Z(J+l)-Z(J)))

J)

IF (EMF. NE. 2.) GO TO 20
C )/()/()/()/()/()/(J/()/()/()/()/()/()/()/()/()/()/()/()/()/(~)/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(

C )/()/()/()/()/()/()/()/( CRLCULRTION OF ELECTRIC CURRENTS RT CELL INTERFRCE )/()/()/()/()/()/(
C )/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/( RT TIME(N) )/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(
C )/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(
C IPTSF=l, PHI = CURRENT STRERM FUNCTION; =2, PHI = POTENTIRL
C IPOT =1, ELECTRICRL TERMS OFFI =1, ELECTRICRL TERMS ON
C )/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/()/(

If (I.EQ.J.OR.J.EQ.J.OR.I.EQ.KP2.0R.J.EQ.JP2) GO TO 20
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CRLL CURRNT (JlIPH,JR,El,ER,UIPH, VIPH,I,J,l,O)
CRLL CURRNT (Jl,JRIPH,El,ER,UIPH, VIPH,I,J,l,O)
CRLL CURRNT (JlJPH,JR,El,ER,UJPH, VJPH,I,J,O,J)
CRLL CURRNT (Jl, JRJPH, El, ER, UJPH, VJPH, I, J. 0.1)
UJPH=UJPH+OT/(2.NRHOJPH)NJRJPHN(B(I.J)+B(I.J+l))/2.
VIPH=VIPH+DT/(2.NRHOIPH)N(-JlIPHN(B(I.J)+B(I+1,J))/2.)
PIPH=PIPH+DTN(GRHHR-l.)N(JRIPHNN2+JlIPHNN2)/(2.NSIG(I.J.1,0.0))
PJPH=PJPH+DTN(GRHHR-l.)N(JRJPHNN2+JlJPHNN2)/(2.NSIG(I.J.D,l,O))

20 CONTINUE
C NNNNNN~~~N~~~N~~N~NN~N~~~N~NNNNNN~N~N~~~NN~~N~~~N~~~NNN~~N~NNNN~NW

C N~~~~~~~~N RRTIFICIRL VISCOSITY (IF NECESSRRY) ~~~NN~NNN~~N~~~NNNN

C NN~~~~~~~N~NNNN~~~~~NN~~~N~~~~~~~~N~NNNN~~NNN~N~NNNN~~NNNNN~NNNNNN

DV=V(1+1. J)-V( I. J)
DU=U(I,J+l)-U(/,J)
/F (DV. LT. 0.) P/PH=P/PH-DV~RRFV~(GRHHR~P/PH/RHOIPH)~NO.5
IF (DU. LT. 0.) PJPH=PJPH-RRFVNDU~(GRHHR~P JPH/RHOJPH)NNO.5

C N~~~~~~~~NN~~N~~~~~~~N~N~N~NN~~~N~NNNN~~~~~NN~~NNNNNNNN~~N~NNNNNNN

C ~N~~~N~ CRLCULRTlON OF HRGNETO STRESS TENSOR RT T/t1E(N) ~NN~~~~NN~

C ~~~~N~~~~~~~~~~~~~~~~N~~~N~~~~~~~~~~~~~~~~~~~~~~NNNMMMMMMMMMMNNNNN

/F (EHF.NE.l.) GO TO 30
BlPl=(Bl(/+1,J)+Bl(/,J+l)+2.~Bl(/+1,J+l))/4.

IF (BL.EO.l.) ILRH=l
BRP1=(BR(I+l.J)+BR(I.J+l)+2.MBR(/+1,J+l))/4.
TRRIP1=-BR(I+1,J)N~2/PERH

TOOIP1=-BO(/+1,J)M~2/PERt1

TRlPl=-BRP1~BlPl/PERH

TllJP1=-Bl(/,J+l)M~2/PERH

BRPH=(BR(I+l.J+l)+BR(/+1,J)+BR(I,J+l)+BR(/,J))/4.
BlPH=(Bl(I+l.J+l)+Bl(I+l,J)+Bl(I,J+l)+Bl(I.J))/4.
TRlP2=-BRPl~BlPl

TRR=-BR(I.J)~M2/PERH

TOO=-BO(I,J)~~2/PERH

TRll=-BR(I,J)MBl(I,J)/PERH
TRl2=-BR(I.J)~Bl(I.J)/PERH

Tll=-Bl(I.J)~~2/PERH

C ~~~~~~~~~~~~~N~MM~~~~~~~~MMNMNMMMMMNMMMMMMNMMMMMMMNMMMMMMMMMMMMMMM

C MMMMM CORRECTION TO PRESSURE DUE TO HRGNETO-STRESS RT MMMMMMMMMMMM
C MMMMMMMMMMM~MMM CELL INTERFRCE RT TIHE(N+l/2) MMMMMMMMMMMMNMMMMMMM
C MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMNMMMMMMMMMMMMMMMMMM

DEVP1=(R(I+l)MTRRIP1MV(I+l.J)-R(I)MTRRMV(I.J))/(RIPHM(R(I+l)-R(/))
l)+(R(I+l)MU(I+l.J)MTRlPl-R(I)MU(I,J)MTRll)/(RIPHM(R(I+l)-R(I)))
DEVP2=(TllJPlMU(I,J+l)-TllMU(I.J))/(l(J+l)-l(J))+(TRlP2MV(I,J+l)-T

lRl2MV(I.J))/(l(J+})-l(J))
PIPH=PIPH-(GRHHR-l.)MDT/(2.MRHOIPH)MDEVPl
PJPH=PJPH-(GRHHR-l.)MDT/(2.MRHOJPH)MDEVP2

C MMMMMMM~NMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM

C MMMMMMMMN CORRECTlDN OF VELOCITIES RT CELL INTERFRCE RT ~MMMMMMMMM

C MMMMMMMMMMNM TIHE(N+l/2) DUE TO HRGNETO-STRESS MMMMMMMMMMMMMMMMMMM
C MNMMMMNMMMMMMMMMMMNMMMMMMMMMMMMMMMMMMMMMMMMMMMMM~MMMMMMMNMMMMMMNMM

UJPH=UJPH-DT/(2.MRHOJPH)M(TllJPl-Tll)/Dl(J+l)
VIPH=VIPH-DT/(2. MRHOIPH)N«R( 1+1 )MTRRIPl-R(I )NTRR)/(RIPHMDR(1+1 ))­

1(TOOIPl+TOO)/2./RIPH)
UIPH=UIPH-DT/(2.NRHOIPH)M(R(I+l)MTRlPl-R(I)MTRll)/(RIPHMDR(I+l))
VJPH=VJPH-DT/(2.MRHOJPH)M(TRlP2-TRl2)/Dl(J+l)

C MMMMMMMMMMMMMNMMMMMMMMMMMMMMMM~MMMMMMMMMNMNMMMMMMMMMMMMMMMMMMMMMMM

C MMNMMMM CRLCULRTION OF LRHINRR STRESS COHPONENTS RT CELL NMM~MMMMM

C MNMMMMMMMMMM~MMMMMMMINTERFRCE RT TIHE(N+l/2) MMMMMMMMMMMMMMMMMMMMM
C MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMNMMMMNMMMMNMMMN~~MMMMNNMNMMMMMMMM

30 /F (BL.NE.l.) GO TO 40
ERRIPH=(V(I+l,J)-V(/,J))/(R(I+l)-R(/))
EOOIPH=V/PH/R/PH
ERlPH=(U(/+l,J)-U(/,J))/(R(/+l)-R(/))
ElZJPH=(U(/,J+l)-U(/,J))/(Z(J+l)-Z(J))
ERZPH2=(V(/,J+J)-V(/,J))/(Z(J+J)-Z(J))
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EE/JPH=EZZJPH+ERRIPH+EDO/PH
MU=VIS( I, J, 1,0)
LRI1=-2./3.JNI1U
TRRIPH=-2.JNHUJNERRIPH+LRI1JNEEIJPH
TDDIPH=-2.JNHUJNEDDIPH+LRI1JNEEIJPH
TRZPH=-HUJNERZPH
I1U=VIS(J, J, 0,1)
LRH=-2./3.JNHU
TZZJPH=-2.JNHUJNEZZJPH+LRHJNEEIJPH
TRZPH2=-I1UJNERZPH2

C JNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJN~JN~1*JNJNJNJNJNJNJN~JNJN~1*JNJNJNJNJNJN1*1*1*1*Jlf1*IN1*ININ1*1*

C JNJNJNJNJNJN1* CRLCULRTIDN DF I1RGNETD STRESS CDI1PDNENTS RT CELL IN1*1*1*1*1*1*1*1*
C JNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNINTERFRCE RT TII1E(N+1/2) 1*JNJNJNJNJNJN1*JN1*JN1*JNJNJNJlf1*1*1*1*JN
C 1*JNJNJNJNJNJNJNJNJNJNJN1*JNJNJNJNJNJNJNJNJNJNJNJN1*JNJN~JN1*JNJNJN~JNJNJNJNJN1*1*JNJNJN1*JN1*JN1*1*JN1*1*1*1*1*JN1*1*1*JN1*1*1*1*

40 IF (EI1F. NE.1.) GO TD 50
TRRIPH=-«BR(I+1,J)+BR(I,J»/2.)1*1*2/PERI1+ILRI11*TRRIPH
TDDIPH=-«BD(I+1,J)+BD(I,J»/2.)JNJN2/PERM+ILRI11*TDDIPH
TZZJPH=-«BZ(I,J+1)+BZ(I,J»/2.)~1*2/PERI1+ILRI11*TZlJPH

TRZPH=-BRPHJNBZPH/PERH+ILRI1JNTRZPH
TRZPH2=-BRPHJNBZPH/PERI1+ILRI11*TRZPH2

50 IF (BL. NE. 2.) GO TD 60
C JNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJN~JNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJN1*JNJNJN1*JNJN1*~JNJlfJN1*1*JNJN~1*JN1*JN1*JNJN1*JN1*1*1*1*1*

C JNJNJNJNJNJNJNJN CRLCULRTIDN DF TURBULENT SHERR RT CELL INTERFRCE JN1*1*1*1*1*1*1*
C JNJNJNJNJNJN~JNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJN RT TIHE(N+l/2) JN1*JNJN1*JNJN1*1*JNJN1*1*1*JN1*1*JN1*JN1*1*1*1*1*
C ~JNJNJNJN~JN~JNJNJNJNJNJNJNJNJNJNJNJN~1*1*JNJNJNJNJNJNJNJNJN1*JN1*JN1*JNJlf1*1*1*1*1*JlfJNJlfJlf1*Jlf1*JNJI(1*Jlf1*1*1*Jlf1*1*1*1*1*1*1*

ERZPH=(U(I+1,J)-U(I,J»/(R(I+1)-R(I»
I1U=VIS(J, J, 1. 0)
TRZPH=-(HU+EDDY(I,J»JNERZPH

C
60 IF (J. EO. 1. DR. J. EO. 1) GO TD 90

PIHH=PRU)
UIHH=URU)
VIHH=VR(J)

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C ~~~~~~~~~~ PRESSURE INFLUENCE DN U, V RND E RT CELL CENTERS ~~~~~1*1*

C 1*~~~~~~~JN~JNJNJNJNJN~JNJN~JN~JN~JNJN RT TIHE(N+1) 1*JNJNJN~~1*1*~~1*1*~~~JN1*~1*1*1*1*1*1*1*1*1*

C JNJNJNJNJNJNJN~JNJNJNJNJNJN~JNJNJNJNJNJN**~~**~*JN*~~~JNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJN1*1*

SPHU=-DTJN(PJPH-PJHH)/(RHD(I,J)JNDZ(J»-DTJNGZ
SPHV=-DTJN(PIPH-PIHH)/(RHD(I,J)JNDR(I»-DTJNGR
CHPR=-DT/RHD(I,J)JN«RIPH~PIPHJNVIPH-RIHH~PIHHJNVII1H)/(R(I)JNDR(I»+(P

IJPHJNUJPH-PJI1HJNUJI1H)/DZ(J»
IF (EI1F. NE. 1.. RND. BL. NE.1.) GO TD 70

C JNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJN~JNJNJN~JNJNJNJNJNJNJNJNJNJN1*JN1*JN1*JN1*1*JN1*JN1*1*JNJNJN1*1*

C JNJNJNJNJNJNJNJNJNJN LRHINRR RND/DR I1RGNETIC INFLUENCE DN U, V RND E JNJN1*JN1*JN1*JN
C JNJNJNJNJNJNJNJNJNJNJNJNJN RT CELL CENTERS RT TII1E(N+1) JNJNJNJNJN1*JN1*~1*JNJNJNJN1*JNJN1*JNJN1*1*JN

C ~JNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJN1*JN1*JNJNJNJNJNJN1*1*1*JNJNJNJN

TRRIHH= TRRR (J)
TDDII1H= TDDR (J)
DEVU=-DTJN ( (RIPHJNTRZPH-RII1HJNTRZRU) )/(R(I )JNDR(I) )+(TZZJPH-TZZJI1H)/D

1Z(J) )/RHD(J, J)
DEVV=-DTJN ( (RIPHJNTRRIPH-RIHHJNTRRII1H)/(R( I )1*DR(I) )+(TRZPH2-TRZI1H2)/D

1Z(J)-(TDDIPH+TDDII1H)/(RIPH+RII1H»/RHD(I,J)
DEVE=-DT/RHD(I, J)JN( (RIPHJNTRRIPHJNVIPH-RII1HJNTRRII1H1*VII1H)/(R( I )1*DR(I)

1)+ (RIPHJNTRZPHJNUIPH-RII1HJN TRZR(J)JNUIHH)/(R(I)JNDR(I» + (TZZJPHJNUJPH-TZ
2ZJI1HJNUJHH)/DZ(J) + (TRZPHJNVJPH-TRZI1HJNVJI1H)/DZ(J»

70 IF (BL. NE. 2.) GO TD 80
C JNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJN~1*JNJN1*JN1*JNJN1*1*JN1*1*1*

C JNJNJNJNJNJNJNJNJNJN TURBULENT SHERR INFLUENCE DN U. V RND E RT CELL JNJN1*1*1*JNJN1*
C ~JN~JN1*JN1*JN~JN~JNJNJNJNJNJNJNJNJN~JN CENTERS RT TIHE(N+1) JNJNJNJNJNJN1*JNJNJNJN1*JN1*JN1*1*1*1*JN1*JN
C JNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJNJN1*1*1*JNJN1*1*JNJNJNJN1*JN1*JN1*1*JN1*JNJNJNJN1*1*1*1*

DEVU=-DTJN«RIPH1*TRZPH-RII1HJNTRZR(J»/(R(I )JlfDR( I»)/RHO( /, J)
DEVV=O.
DEVE=-DT/RHO(I.J)JIf(RIPHJlfTRlPH1*UIPH-RIHHJNTRlR(J)JlfUII1H)/(R(/)1*DR(/»

C JlfJlfJlfJlfJl(JlfJlfJlfJlfJlfJlfJlfJlfJl(JI(Jlf1*JI(JI(JlfJlfJl(JI(JlfJl(JI(Jlf1*JI(JI(JI(JlfJl(JlfJl(JlfJlfJl(1*JlfJlfJlf1*1*Jlf1*1*1*JI(1*1*1*1*1*JlfININININININININININ1*
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C .JIOI(JI(JK••• STORING U, V RNO E INCREHENT$ RT CELL CENrE!?S RT ••••••••
C •••••••••••••••••••••••••• TIME(N+/)••••••••••••••••••••••••••••••
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

80 UF(IPS,J)=SPHU+DEVU
VF(IPS,J)=SPHV+DEVV
EF(IPS,J)=CHPR-DT.(V(I,J)+VF([PS,J).GR-OT.(U(/,J)+UF([PS,J).GZ+D

/EVE
IF (EHF.NE.2) GO TO 90

C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C •••• CRLCULRTlDN OF ELECTRICRL INFLUENCE ON V, V RND E RT CELL ••••
C ••••••••••••••••••• CENTERS RT TIHE(N+1) •••••••••••••••••••••••••
C ••••••••••••••••••••••••••••••••••••••••••••••••••••~•••••••••••••

IF (I. EO. /.OR.I.EO.KP2.0R.J.EO. 1. OR. J.EO. JP2) GO TO 90
UU=U( I, J)
VV=V( I, J)
CRLL CURRNT (JZ1, JR1. EZ, ER, VV, VV, [, J, 0, 0)
UP=U(I,J)+U(IPS,J)
VP=V(I,J)+V(/PS,J)
CRLL CURRNT (JZ2,JR2,EZ,ER,UP, VP, [,J.O.O)
UF( IPS, J)=UF( IPS, J)+JR1.B( I, J).OTIRHO( I, J)
VF(IPS,J)=VF(IPS,J)+(-JZ1.B(I,J»).DTIRHO(I,J)
EF(IPS,J)=EF(IPS,J)+(JZ2.EZ+JR2.ER).DTIRHO(I,J)

C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C .J/(•• REVERSING CELL /NTERFRCE VRLVES - RIGHT BOVNDRRY VRLUE ••••••
C •••• OF LEFT CELL BECOMES LEFT BOUNORRY VRLUE OF RIGHT CELL ••••••
C J/(••••••J/(••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

90 VR(J)=VIPH
UR(J)=UIPH
PR(J)=PIPH
UJHH=UJPH
VJHH=VJPH
PJHH=PJPH
IF (EHF. NE. / •• RND. BLoNE.I.) GO TO 100
TRRR(J)=TRRIPH
TOOR(J)=TOOIPH
TRZR(J) =TRZPH
TRZHH= TRZPH
TRZHH2=TRZPH2
TZZJHH=TZZJPH

100 IF (BL. NE. 2.) GO TO /10
TRZR(J)=TRZPH

C •••••••••••J/(J/(••J/(•••J/(••••••••••••••••••••••••••••••••••••••••••••••

C .J/(•••••JKJK. RSSIGNING VRLU£S OF U. V RNO £ fiT TIHE(N+J) ••••••••••••
C •••JK••••JK••J/(••••••••••••••••••••••••••••••••••••••••••••••••••••••

110 IF (J. EO. 1. OR./.LT. 3) GO TO /30
JH=l
IF n. EO. KPJ) JH=2
DO 120 JL=I,JH
N=I-2+JL
L=IPF
IF (JL. EO. 2) L=IPS
V(N,J)=U(N,J)+UF(L,J)
V(N, J)=V(N, J)+VF(L, J)
IF <RBS(U(N, J». LT. O. 00001) U(N, J)=O.
IF (RBS(V(N, J». LT. O. 00001) V(N, J)=O.
E(N, J)=E(N, J)-I-EF<L, J)

/20 CONTINUE
130 CONTINUE

RETURN
C

END
SUBROUTINE HULLP2

C
C
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C

AEDC-TR-77-105

C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C THE TRANSPORTING OF MASS (RE-ZONING) AND COMPUTATION OF RHO RT
C TIME(N+1) BASED ON VRLUES OF RHO, U, V AND E AT TIME(N+l).
C CORRECTION OF U, V RND E AT TIME(N+J) FOR THE CONVECTION
C OF MOMENTUM AND ENERGY RESULTING FROM THE TRANSPORTING OF MRSS
C BETWEEN CELLS
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COMMON /CARRAY/ RHO(45, 225), U(45,225), V(45,225), E(45,225), PHI (45.
1225), BO(J, J),BR(J, J),BZ(J, J),DE(J, J)

COMMON /CMESH/ KMRX,JMAX,KPl,JPl,KP2.JP2
COMMON /CBOUND/ DANGLE(225),IOBK(225),IOBL(225),ISYM(4),IAXI.IOBO
COMMON /GRAVTY/ GC.GR,GZ
COMMON /CTIME/ TIME,DT,DTT,STAB,MINDT,MAXDT.NCYCLE,NMAX
COMMON/CGRID/R(45),RD(45),Z(225),DR(45),DZ(225),XD(45),ZMIN,RMIN.0

lZ0,DRO,IGRAPH(225),NBOUND
COMMON /CCALC/ BL. EMF, MCALe. NMAGN, NTHRM, IPOT, IDFN, IPTSF
COMMON /CINIT/ RHOO, VZ,VR,BO,BRO,BZO,EO,PHIO,PERMO,VELOC.ARFV.PERM

1, NVECT, NPDIM
COMMON/CMHD/INSJ(225) , oVOL T, BASEP, DPOT, SPACE, SPINSL. JPLMIN, JPLMAX
COMMON/CMATRX/ ACOEF(225),BCOEF(225). CCOEF(225),DCOEF(225). SUB (225

1),DIAG(225),SUP(225),CONST(225)
COMMON/CS TORE/RHOF(2,225), UF (2,225), VF (2,225), EF(2,225), MFA (225).

lUA(225),VA(225),UFA(225), VFA(225),EFA(225),PA(225)
COMMON/CSTRSS/TRRA(225), TZZA(225), TOOA(225), TRZR(225).VISC, VISCO
COMMON /CMRGN/BFA(225), BZZR(225). BZFA(225), BF(2. 225), BFR(2,225),

1BFZ(2, 225)
RERLJK8 R,RD,RIMH,RIPH,RIPP
RERL M,MIJ,MFIPH,MFIMH,MFJPH,MFJMH,MFA

C
C
C •••w•••w•••w••••WW.M.MM••MMMMMM••MMMMWMMMMMMMMWMMMMMMMMMMMMMMMMMMM
C MM.MMMMMMM•••M PHASE TWO MM•••••M.WMMWMMMMMMMMMMMMMMMM.MMMMMMMMW
C MMMMWMMMMWMMMWMMWMWMWWMMWWMMMMMMMMMMMMMMMMWMMMMMMMWMWWMMMMWWMMWWWW
C MMMMMMMMMMMMMMMMMMMMMMMMMMWMMMMMMMMMWWWWWMWMMMMMMMWMWMMMWWWWMWWWWW
C WMWMW CRLCULATION OF MRSS, MOMENTUM, ENERGY RND MAGNETIC wwwwwwwww
C MWMWMMWMWMMMMMWWMWWMWWWWWWww INDUCTION FLUX WWWMMWWMWWWWWWWWWWMWWW
C MMMWWMWMMWMMwwwwwwwwwwwwwwwwwwwwwwwwwwwwwWWWWWWWMWWWWWwwwwwwwwwwww

PI=3.14159
DO 10 J=2, JP1
VIMH=(V(1, J)+V(2, J»/2.
IDM=1
IF (VIMH.LT.O.) IDM=2
RHOIMH=RHO(10M, J)w(1. -DT/(R(1)+DR(1)/2. )w(R(2)wV(2. J)-R(1)wV(1. J»

1/(R(2)-R(J»)
DRR=DR(I)
RIPP=R(I)+DRR/2.
MFA(J) =VIMHMRHOIMHw2. wPlw(RIPP+O. 5wV/MHwDT)wDZ(J)wOT
UFR(J)=MFA(J)wU(IDM.J)
VFA(J)=MFA(J)wV(IDM.J)
EFA(J)=MFA(J)wE(IDM,J)

IF (EMF. NE. J) GO TO 10
BFA(J)=VIMH/(R(2)-R(I»wB(IDM.J)wDT
BRR=(BR(2.J)+BR(I.J»/2.
BZZA(J)=(U(2.J)+U(I.J»/2./(R(2)-R(I»wBRRwOT
BZFR(J)=(V(2. J)+V(1. J»/2./(R(2)-R(1»wBZ(10M. J)wOr

10 CONTINUE
IPSO=1
DO 60 /=2.KPI
/PSO=-/PSO
IPS=2
IPF=1
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c

c
c ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C ~~~~~~~~~~~~ CRLCULRTlON OF DENSITY RT TIME(N+1) BRSED ON ~~~~~~~~

C ~~~~~~~~~~~~~~~~~~~~ MRSS FLUX CONTRIBUTIONS ~~~~~~~~~~~~~~~~~~~~~

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

H=RHD(I,J)~P/~(RIPH~~2-RIMH~~2)~DZ(J)

HIJ=RHD(I,J)~PIII(RIPH~~2-RIMHII(1I(2)II(DZ(J)+HFIHH+MFJMH-HFIPH-HFJPH

c

c

c

c

IF (IPSD. LT. 0) IPS=l
IF (IPSD. LT. 0) IPF=2
DD 60 J=2,JPl
RIPH=R(I)+DR(I)/2.
RIMH=R(I-l)+DR(I)/2.
UJPH=(U(I,J)+U(I,J+1))/2.
VIPH=(V( I, J)+V( I+1, J))/2.
UIPH=(U(I,J)+U(I+1,J))/2.
VJPH=(V(I,J)+V(I,J+1))/2.
IDP=I
JDP=J
IF (UJPH. LT. 0.) JDP=J+1
IF (VIPH.LT.O.) IDP=I+1

RHDIPH=RHD(IDP,J)~(l.-DT/RIPH~(R(I+l)~V(I+l,J)-R(I)~V(I,J))/(R(I+1

J)-R(J)))
RHDJPH=RHO(I,JDP)~(1.-DT~(U(I,J+l)-U(I,J))/(Z(J+l)-Z(J)))

MFJPH=UJPH~RHOJPH~2.~P/~R(I)~DR(I)~DT

MFIPH=VIPH~RHOIPH~2.~P/~(RIPH+0.5~VIPH~DT)~DZ(J)~DT

IF (J.NE.2) GO TO 20
UJMH=(U(I,J)+U(I,J-l))/2.
JDM=1
IF WJMH. LT. 0.) JDM=2
RHOJMH=RHO(I,JDM)~(1.-DT~(U(I,J)-U(I,J-1))/(Z(J)-Z(J-1 )))

MFJMH=(U(J,1)+U(I,2))/2.~RHOJMH~2.~P/~R(I)~DR(I)~DT

UFJMH=MFJMH~U(I,JDM)

VFJMH=MFJMH~V(I,JDM)

EFJMH=MFJMH~E(I,JDM)

IF (EMF. NE. 1) GO TO 30
BFJMH=UJMH/(I(J)-Z(J-1)j~BD(I,JDM)~DT

BRFJMH=UJMH/(Z(J)-I(J-l))~BR(J,JDM)~DT

BII=(BI(I,2)+BI(I,1))/2.
BRIJMH=(V(I,2)+V(I,1))/2./(1(2)-Z(1))~BZZ~DT

20 IF (EMF. NE. 1) GO TO 30
BFIPH=VJPH/(R(I+1)-R(I))~BO(IDP,J)~DT

BZI=(BI(I,J)+BI(I,J+1))/2.
BRJJPH=VJPH/(Z(J+l)-Z(J))~BIZ~DT

BIFIPH=VIPH/(R(I+1)-R(I))~BI(IDP,J)~DT

BFJPH=UJPH/(I(J+1)-Z(J))~B(I,JDP)~DT

BRFJPH=UJPH/(I(J+1)-Z(J))~BR(J,JDP)~DT

BRR=(BR(I,J)+BR(I+1,J))/2.
BZJJPH=UJPH/(R(J+1)-R(I))~BRR~DT

30 CDNTINUE

UFIPH=MFJPH~U(IDP,J)

VFIPH=MFIPH~V(IDP,J)

UFJPH=MFJPH~U(I,JDP)

VFJPH=MFJPH~V(I,JDP)

EFJPH=MFIPH~E(JDP,J)

EFJPH=MFJPH~E(I,JDP)

MFIMH=MFR(J)
UFIMH=UFR(J)
VFIMH=VFR(J)
EFIMH=EFR(J)

AEDC-TR-77-105

1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047

309



AE DC-TR-77-1 05

RHOF(IPS,J)=MIJ/(PI~(RIPH~~2-RIMHMM2)~DI(J» 2048
C 2049
C MMMMMMMMM~~~~~~~~~MM~~~MM~MMM~M~~MMM~~~~~~~M~M~M~~~~~~M~~~~M~M~~~~ 2050
C M~M~M~MMM~MM~~M CORRECTION OF VELOCITIES RND ENERGY DUE ~~~M~M~~~~ 2051
C MMM~M~MMM~MM~~~~M~~MMM~~~~ CONVECTION ~~~~~~~~~~~M~~~~M~M~~M~~~~~~ 2052
C ~~~MMMMM~~MMM~MM~~M~MMMM~~~M~MMM~~M~~~~~~~~M~~~~~M~~~~~~M~~~~~~~~~ 2053

UF(IPS,J)=(U(I.J)~M+UFIMH+UFJMH-UFIPH-UFJPH)/MIJ 2054
VF(IPS,J)=(V(I,J)~M+VFIMH+VFJMH-VFJPH-VFIPH)/MIJ 2055
INT=(E(I,J)~M+EFIMH+EFJMH-EFIPH-EFJPH-0.5~(U(I.J)~~2+V(I.J)~~2)~HI 2056

lJ)/MIJ 2057
EF(IPS,J)=INT+(U(I.J)~M2+V(I.J)~~2)/2. 2058
MFJMH=MFJPH 2059
UF.)MH=UFJPH 2060
VFJMH=VFJPH 2061
EFJMH=EFJPH 2062

C 2063
IF (EMF. NE. J) GO TO 40 2064
BFIMH=BFR(J) 2065
BZIJMH=BIIRU) 2066
BIFIMH=BIFR(J) 2067
BF(IPS,J)=(BO(I.J)+BFIMH+BFJMH-BFIPH-BFJPH) 2068
BFR(IPS,J)=(BR(I.J)-BRIJMH+8RFJMH+BRIJPH-BRFJPH) 2069
BFZ(IPS,J)=(BI(I.J)+BIFIHH-BIIJMH-BIFIPH+BZIJPH) 2070
BFJMH=BFJPH 2071
BRFJMH=BRFJPH 2072
BRIJMH=BRIJPH 2073
BFR(J)=BFIPH 2074
BZZR(J)=BIIJPH 2075
BIFR(J)=BZFIPH 2076

C 2077
40 MFRU)=MFIPH 2078

UFRU)=UFIPH 2079
VFRU)=VFIPH 2080
EFR(J)=EFIPH 2081

C ~~M~~~MMM~MM~~~MMMMM~~~M~~M~~~M~MM~~~~~~~~~M~~~~~~M~~~~~~MMM~~~~~~ 2082
C ~~~MM~MMM~ RSSIGNING VRLUES TO RHO.U. V.EB.BR RND BZ ~~~~~~~M~~~~~~ 2083
C M~MMM~MM~~MM~~~M~~MM~~~~~M RT TIHE(N+J) ~~~~~~~M~~~~~~M~~~~~~~M~~~ 2084
C ~~~~M~MMM~MMM~~~~~~~~~~~~~~~M~M~~~~~~~~~~~~~~~~M~M~~~~~~MM~M~~M~~M 2085

IF (/.LT.3) GO TO 60 2086
JH=J 2087
IF (/.EQ.KP}) JH=2 2088
DO 50 JL=l,JH 2089
N=I-2+JL 2090
L=IPF 2091
IF (JL.EQ.2) L=IPS 2092
RHO(N,J)=RHOF(L,J) 2093
U(N, J)=UF(L, J) 2094
V(N, J)=VFCL. J) 2095
IF (RBS(lj(N.J».LT.O.OOOO}) U(N,J)=O. 2096
IF (RBS(V(N, J». LT. O. OOOO}) V(N. J)=O. 2097
E(N, J)=EF(L, J) 2098

C 2099
IF (EMF.NE.}) GO TO 50 2100
BO(N,J)=BF(L,J) 2101
BR(N,J)=BFR(L,J) 2102
BI(N,J)=BFI(L.J) 2103

50 CONTINUE 2104
60 CONTINUE 2105

RETURN 2106
END 2107
SUBROUTINE EFIELD 2108

C 2109
C 2110
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2111
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C
C
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~wm

C Jf(Jf(Jf(}/O/(Jf(Jf(Jf(JKJ/( FOR SOR. OHEGR=I.75. FOR GRUSS-SEIDEL. OHEGR=l. O. Jf(wmWJK
C J/(J/(JKJKJf(J/(Jf(Jf(Jf(Jf(Jf(JKJ/(Jf(Jf(Jf(WJf()/(Jf(Jf(WJf()/(JKJKWJf(JKJKWJf(WJKJKWJf(wmmWJKmJKwmwmwmmmwmwwmJKmmwwmmmw

OMEGR=1.75
DO 80 J=2.JPl
IX=KP2-IOBL (J)+2
IY=I08L (J)-1
IF(IX.LE. 1.0R. IY. GE. KP2) WRITE(6,120)
DO 70 I=IX.IY

C IF<I TER. GT. 1) GO TO 55
DR2=1./«R(I)-R(I-1)))/(DR(I))
DR1=1./«R(I+1)-R(I))Jf(DR(I))
DBETR=(BETR( I. J. 0.1 )-8ETR(I, J. O. -1 ))/DZ(J)
BBR=+DR1+DR2

C SOLVES ELECTRIC POTENTIRL OR STRERM FUNCTION ELLIPTIC POE
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C
C DIMENSIDN CDEF1(45.225).COEF2(45.225).COEF3(45.225).COEF4(45.225).
C 1COEF5(45.225)

COMMON /CRRRRY/ RHO(45.225).U(45.225).V(45.225).E(45.225).PHI(45.
1225).BO(1.1).BR(1.1).BZ(1.1).DE(1.1)

COMMON /CMESH/ KMRX.JMRX.KP1. JP1.KP2. JP2
COMMON /CBOUND/ DRNGLE(225).IOBK(225).IOBL(225).ISYH(4).IRXI.IOBQ
COMMON /GRRVTY/ Ge. GR. GZ
COMMON /CTIME/ TIME.DT.DTT.STRB.HINDT.MRXDT.NCYCLE.NHRX
COMMON/CGRID/R(45).RD(45).Z(225).DR(45).DZ(225).XO(45).ZMIN.RHIN.0

1Z0.DRO.IGRRPH(225).NBOUND
COMMON /CCRLC/ BL.EHF.MCRLC.NMRGN.NTHRH.IPOT.IDFN.IPTSF
COMMON /CINIT/ RHOO. VZ. VR.BO. BRO. BZO. EO. PHIO. PERHO. VELOC.RRFV.PERH

1. NVECT. NPDIM
COMMON/CHHD/INSJ(225).DVOLT.BRSEP.DPOT.SPRCE.SPINSL.JPLHIN,JPLHRX
COMMON/CHRTRX/ RCOEF(225).BCOEF(225),CCOEF(225),DCOEF(225),SUB(225

1).DIRG(225),SUP(225),CONST(225)
RERLJ«8 R.RD
ITER=O

10 CONTINUE
I TER=I TER+ 1
ID=l
JD=1
DIFHRX=O.

C

UIPH=(U(I.J)+U(I+1.J))/2.
UJPH=(U(I.J)+U(I.J+1))/2.
UJMH=(U( I. J)+U( I. J-1 ))/2.
VJPH=(V(I.J)+V(I.J+1))/2.
VJMH=(V( I. J)+V( I. J-1 ))/2.
BJPH=(B(I,J)+B(I.J+1))/2.
BJMH=(B( I. J)+B( I. J-1 ))/2.
UIMH=(U(I.J)+U(I-l.J))/2.
VIPH=(V( I. J)+V( 1+1. J) )/2.
VIMH=(V( I. J)+V( 1-1. J))/2.
BIPH=(B(I.J)+B(I+1.J))/2.
BIMH=(B(I.J)+B(I-1.J))/2.

IF (IPTSF. NE. 2) GO TO 20
DCOND1=(SIG(I.J.1.0.1)-SIG(I.J.-1.0.1))/(DR(I))/(SIG(I.J.0.0.1))
DCOND2=(SIG(I,J.0,1.1)-SIG(I.J.0.-1.1))/(DZ(J)JKSIG(I.J.0.0,1))
R=(DR1+1./(2.)/(DR(I))J/(DCOND1-BETR(I.J.0,0)JKDCOND2-DBETR))
C=(DR2-1./(2.mDR(I))JK(DCOND1-BETR(I,J,0.0)JKDCOND2-DBETR))
D=«U(I,J)wB(I,J)-BETR(I,J,0,0)JKV(I,J)mB(I,J))JKDCOND1-(UIPHwBIPH-B

JETR( I, J, 1,'O)mVIPHwBIPH-UIHHmBIHH+BETR(I, J, -1, O)mVIHHJf(BIHH)/DR(I))
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GO TO 30 2176
C 2177

20 DCDND1=(SIG(I,J,1,0,0)-SIG(I,J,-1,0,0))/(DR(I)~SIG(I,J,0,0,0)) 2178
DCDND2=(SIG(I,J,0,1,0)-SIG(I,J,0,-1,0))/(DZ(J)~SIG(I,J,0,0,0)) 2179
R=(DR1+1./(2.~DR(I))~(-DCDND1-BETR(I,J,0,0)~DCDND2+DBETR)) 2180
C=(DR2-1./(2.~DR(I))~(-DCDND1-BETR(I,J,0,0)~DCDND2+DBETR)) 2181
D=-SIG(I,J,O,O,O)~(BJPH~UJPH-BJHH~UJHH)/DZ(J) 2182

C 2183
30 DZ1=1./«Z(J+1)-Z(J))~DZ(J)) 2184

DZ2=1./«Z(J)-Z(J-1))~DZ(J)) 2185
DBETA=(BETA( I, J, 1, O)-BETA( I, J, -1,0) )/DR(I) 2186
BP=+DZ1+DZ2 2187

C 2188
IF' (fPTSF.NE.2) GO TO 40 2189
DCDND1=(SIG(I,J,0,1,1)-SIG(I,J,0,-1,1))/(DZ(J)~SIG(I,J,0,0,1)) 2190
DCDND2=(SIG(I,J,1,0,1)-SIG(I,J,-1,0,1))/(DR(I)~SIG(I,J,0,0,1)) 2191
RP=(DZ1+1./(2.~DZ(J))~(DCDND1+BETR(I,J,0,0)~DCDND2+DBETR)) 2192
CP=(DZ2-1./(2.~DZ(J))~(DCDND1+BETR(I,J,0,0)~DCDND2+DBETR)) 2193
DP=(-(V(I,J)~B(I,J)+BETR(I,J,O,O)~U(I,J)~B(I,J))~DCDNDl+(VJPH~BJPH 2194
l+BETA(I,J,O,l)~UJPH~BJPH-VJHH~BJHH-BETR(I,J,O,-l)~UJHH~BJHH)/DZ(J) 2195
2) 2196

GO TO 50 2197
C 2198

40 DCDND1=(SIG(I,J,0,1,0)-SIG(I,J,0,-1,0))/(DZ(J)~SIG(I,J,0,0,0)) 2199
DCDND2=(SIG(I,J,1,0,0)-SIG(I,J,-1,0,0))/(DR(I)~SIG(I,J,0,0,0)) 2200
RP=(DZ1+1./(2.~DZ(J))~(-DCDND1+BETR(I,J,0,0)~DCDND2-DBETR)) 2201
CP=(DZ2-1./(2.~DZ(J))~(-DCDND1+BETR(I,J,0,0)~DCDND2-DBETR)) 2202
DP=-SIG(I,J,O,O,O)~(BIPH~VIPH-BIHH~VIHH)/DR(I) 2203

C 2204
50 CDNTINUE 2205

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.. 2206
C CDEFl, ..... CDEF5 RRE RRRRYS, WHICH WHEN USED, WILL REDUCE THE 2207
C CDNVERGENCE TIHE (CP) BY R FRCTOR DF 3 DR 4 RT THE EXPENSE OF 2208
C RDDITIDNRL CDRE. 2209
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~.~~~~~~~.....~.....~.~.~~~....~~....... 2210
C CDEF1(I,J)=(-D-DP)/(BBR+BP) 2211
C CDEF2(I,J)=R/(BBR+BP) 2212
C CDEF3(I,J)=RP/(BBR+BP) 2213
C CDEF4(I,J)=C/(BBR+BP) 2214
C CDEF5(I,J)=CP/(BBR+BP) 2215

55 IF (f. EO. IX. DR. I. EO. IY.DR.J.EO.2.DR.J.EQ.JPJ) CRLL BNDPDT ([.J) 2216
DLDPHI=PHI (I, J) 2217
PHI(I,J)=(-D-DP+R~PHI(I+1,J)+RP~PHI(I,J+1)+C.PHI(I-1.J)+CP.PHI(I.J 2218

1-1»)/(BBR+BP) 2219
C PHI(I, J)=CDEFl (I,J)+CDEF2(I.J).PHI(I+l.J)+CDEF3(I.J).PHI(I.J+l)+ 2220
C lCDEF4(I,J)~PHI(I-1,J)+CDEFS(I,J).PHI(I,J-1) 2221

PHI(I,J)=PHI(I.J).DHEGR+(l.-DHEGR).DLDPHI 2222
DIFF=RBS(PHI(I.J)-DLDPHI)/(S.•SIG(I.J.O.O.O).U(I.J).B(I.J» 2223
IF (DIFF. LE. DIFMRX) GO TO 60 2224
10=1 2225
JD=J 2226
DLDIE=DLDPHI 2227
GODDIE=PHI(I,J) 2228
DIFHRX=DIFF 2229

60 CDNTINUE 2230
70 CDNTINUE 2231
80 CDNTINUE 2232

C 2233
DD 100 J=2, JPl 2234
11=KP2-IDBL(J)+2 2235
12=IDBL (J)-l 2236
DD 90 I=Il.12 2237
IF (J. EQ. Il. DR. I. EQ. 12. DR. J. EQ. 2. DR. J. EQ. JPJ) CRLL BNDPDr (J. J) 2238

90 CDNTINUE 2239
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100 CONTINUE
WRITE (6,110) ID,JD,DIFtfRX,ITtlf
IF (J TER. GT. 10D) RETURN
IF (DIFMRX.GT•• 0010l GO TD 10
RETURN

C
C

110 FORMRT (35H ELECTRICRL CONVERGENCE .... RT CELL2(JX,I3),15H DIFFE
lRENCE = ,E12. 4, 3X, 15HFOR ITERRTION .13)

120 FORMRT(85H ELECTRDDES CRNNOT LIE ON THE BOUNDRRY••••• REDUCE "RD
1 S" BY 1 OR 2 "DRO S" )

END
SUBROUTINE CURRNT (JZ,JR,EZ,ER,UU, VV,I,J,IHRLF,JHRLF)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C COMPUTES ELECTRIC FIELD RND CURRENT BRSED ON THE STRERM CURRENT
C FUNCTION, POTENTIRL OR INDUCED MRGNETIC FIELD
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COMMON /CRRRRY/ RHD(45, 225), U(45. 225), V(45, 225),E(45, 225), PHI (45,
1225), BD(J, J). BR(J. J), BZ(J. J), DE(J, J)

CDMMDN /CMESH/ KMRX.JMRX,KP1, JP1.KP2, JP2
CDMMDN /CBDUND/ DRNGLE(225), IOBK(225), JDBL(225), ISYM(4),IRXI,IOBO
CDMMDN /GRRVTY/ Gc, GR. GZ
CDMMDN /CTIME/ TIME.DT,DTT,STRB.MINDT,MRXDT,NCYCLE,NMRX
CDMMDN/CGRID/R(45).RD(45).Z(225),DR(45),DZ(225),XD(45),ZMIN,RMIN,D

lZO,DRO.IGRRPH(225),NBDUND
COMMDN /CCRLC/ BL EMF, MCRLe. NI1RGN, NTHRM, IPDT, IDFN, IPTSF
CDMMDN /CINIT/ RHOO, VZ, VR, BO, BRO, BZO, EO, PHIO, PERI10, VELOC,RRFV,PERI1

}, NVECT. NPDIM
CDI1I1DN/CMHD/INSJ(225),DVDLT,BRSEP,DPDT,SPRCE,SPINSL,JPLI1IN,JPLMRX
COMI1DN/CI1RTRX/ RCDEF(225),BCOEF(225),CCDEF(225),DCOEF(225),SUB(225

1). DIRG(225),SUP(225), CONST(225)
RERLJK8 R,RD
RERL JR,JZ

C
C

EZ=O.
ER=EZ
JZ=ER
JR=JZ
IF (I. EO. 1. DR. I. EO. KP2. DR. J. EO. 1. DR. J. EO. JP2) RETURN
IF (EMF. EO. J) GO TO 20
DPHIR=((PHl(I+1.J)-PHI(I-1.J))+JHRLFJK(PHI(I+1,J+1)-PH!(1-1,J+1))+I

1HRLFJK(PHI(I-1,J)-PHI(I,J)))/(R(I+1)-R(I-1)+JHRLFJK(R(I-1)-R(I+1)+4.
2JKDR(I))+IHRLFJK(R(I-1)-R(!)))
DPHIZ=((PHI(I,J+1)-PHI(I,J-1))+IHRLFJK(PHI(I+1,J+1)-PHI(I+1,J-1))+J

lHRLFJK(PHI(I,J-1)-PHI(I,J)))/(Z(J+1)-Z(J-1)+IHRLFJK(Z(J-1)+Z(J+1)+4.
2JKDZ(J))+JHRLFJK(Z(J-})-Z(J)))

IF (JPTSF. EO. 2) GO TO 10
C JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJK
C JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJK CURRENT STRERM FUNCTION JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJK
C JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJK

JZ=DPHIR
JR=-DPH!Z
GO TO 20

10 CDNTINUE
C JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJK
C JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJK PDTENTIRL JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJK
C JKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJKJK

JZ=SfG(I.J.!HRLf,JHRLF.J)JK((-DPHIZ+VVJK(B(!+IHRLF.J+JHRLf)+8(I.J))/
12. )-BErfUI. J.IHALf.JHRLf)N((-DPHIR-UUJIt(B(1+IHRLf. J+JHRLf)+8( I. )))/2
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2,))

JR=SIG( I. J.IHRLF. JHRLF.l )JI(BETR(I. J.IHRLF. JHRLF)JI(-DPHIZ+VVJI(B( 1+1
lHRLF,J+JHRLF)+B(I.J))12.)+(-DPHIR-UUJI(B(I+IHRLF,J+JHRLF)+B(I.J))12
2. ))

20 CONTINUE
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI( INDUCED HRGNETIC FIELO Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(Jl(JI(JI(JI(JI(MJI(JI(JI(JI(JI(JI(

IF (EHF. NE. 1) GO TO 30
JZ=-l.IPERHOJl(B(I+l.J)-B(I-l.J))I(R(I+l)-R(I-l))
JR=I.IPERHOJl(B(I.J+l)-B(I.J-l))I(Z(J+l)-Z(J-l))

C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI( COMPUTING THE ELECTRIC FIELD COHPONENTS JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(

30 EZ=(JZ+BETR([. J.IHRLF. JHRLF)JI(JR)ISIG([. J.IHRLF. JHRLF. O)-VVJI(B([+IH
lRLF. J+JHRLFJ+B( I. J))12.
ER=(JR-BETR( I. J.IHRLF. JHRLF)JI(JDISIG( I. J. IHRLF. JHRLF. O)+UUII(B( I+IH

lRLF. J+JHRLFJ+B( I. J))12.
RETURN
END
FUNCTION CUR(I.J)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C COHPUTES RRDIRL CURRENT INTO RND OUT OF ELECTRODES.
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COHHON ICRRRRYI RHO(45,225),U(45,225).V(45.225),E(45.225).PHI(45.
1225).BO(I.I).BR(I.I).BZ(I.I).DE(1.1)

COHHON ICHESHI KHRX.JHRX.KP1.JP1.KP2,JP2
COHHDN ICBDUNDI DRNGLE(225).IOBK(225).IOBL(225).ISYH(4).IRXI.IOBQ
COHHDN IGRRVTYI Gc. GR. GZ
COHHON ICTIHEI TIHE.DT.DTT.STRB.HINDT.HRXDT.NCYCLE.NHRX
COHHONICGRIDIR(45).RD(45).Z(225).DR(45).DZ(225).XD(45).ZHIN.RHIN.D

lZ0,DRO,IGRRPH(225),NBOUND
COHHON ICCRLCI BL,EHF.HCRLC.NHRGN.NTHRH, IPOT. IDFN. IPTSF
COHHON ICINITI RHOO.VZ, VR, BO.BRO.BZO. EO. PHIO. PERHO. VELOC. RRFV. PERM

1, NVECT. NPDIM
COHHONICHHDIINSJ(225).DVOLT.BRSEP.DPDT.SPRCE.SPINSL.JPLMIN.JPLMRX
COHHONICHRTRXI RCOEF(225).BCOEF(225). CCOEF(225).DCOEF(225). SUB(225

1). DIRG(225). SUP(225).CONST(225)
RERLJI(8 R.RD
RERL JR.JRR

C
C

UU=U(I,J)
VV=V([,J)
IHRLF=O
JHRLF=O
DPHIR=«PHI(I+l.J)-PHI(I-l.J))+JHRLFJI(PHI(I+l.J+l)-PHI(I-l.J+l))+1

lHRLFJI(PHI(I-l.J)-PHI(I.J)))I(R(I+l)-R(I-l)+JHRLFII(R(I-1)-R(I+l)+4.
2J1(DR(I))+IHRLFJI(R(I-l)-R(I)))
DPHIZ=«PHI(I,J+l)-PHI(I.J-l))+IHRLFJI(PHI(I+l.J+l)-PHI(l+l.J-l))+J

lHRLFJI(PHI(I.J-l)-PHI(I.J)))I(Z(J+l)-Z(J-l)+IHRLFJI(Z(J-1)+Z(J+l)+4.
2J1(DZ(J))+JHRLFJI(Z(J-l)-Z(J)))

JR=SIG( I.J.IHRLF. JHRLF.l )II(BETR(I. J. IHRLF. JHRLF)JI(-DPHIZ+VVJI(B.(J+I
lHRLF,J+JHRLF)+B(I.J))12.)+(-OPHIR-UUII(B(I+IHRLF,J+JHRLF)+B(I,J))/2
2,))

JRR=JR
CUR=JRR
RETURN
END
SUBROUTINE DfSN
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c
c
c XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C CALCULATES HAGNETIC DIFFUSIDN
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COHHON /CARRAY/ RHO(45,225), U(45, 225), V(45,225),E(45,225),PHI(45,
1225),BO(J,J),BR(J,J),BZ(J,J),DE(J,J)

COHHDN /CHESH/ KHAX, JHAX, KPJ, JPJ, KP2, JP2
COHHON /CBOUND/ DANGLE(225), IOBK(225), IOBL(225), ISYH(4), IAXI, IOBO
COHHON /GRAVTY/ Gc, GR, GZ
COHHON /CTIHE/ TIHE, DT, DTT, STAB, HINDT, HAXDT, NCYCLE, NHAX
COHHON/CGRID/R(45),RD(45),Z(225),DR(45),DZ(225),XD(45),ZHIN,RHIN,D

JZO,DRO,IGRAPH(225),NBOUND
COHHON/CCALC/ BL,EHF,HCALC,NHAGN,NTHRH,IPOT,IDFN,IPTSF
COHHON /CINIT/ RHOO, VZ, VR,BO,BRO,BZO,EO,PHIO,PERHO, VELOc.ARFV,PERH

J, NVECT, NPDIH
COHHON/CHHD/INSJ (225) , DVOL T, BASEP, DPOT, SPACE, SPINSL, JPLHIN, JPLHAX
COHHON/CHATRX/ ACOEF(225),BCOEF(225),CCOEF(225),DCOEF(225),SUB(225

J),DIAG(225),SUP(225),CONST(225)
REALJI(B R,RD,RIPH,R/HH

C
C
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(
C HAGNET/C AND THERHAL TRANSPORT
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(

DO JOO /F/ELD=1.3
DO 90 ND T=1. NHAGN
CALL BOUND
DO 30 J=2,JPJ
DO 30 /=2,KPJ
R/PH=(R(/)+R(/+J))/2.
RIHH=R(/-J)+DR(/)/2.
TJ=DT/«R(/+J)-R(/))JI(DR(/)JI(R(/))/NHAGN
T2=DT/«R(/)-R(/-J))JI(DR(/)JI(R(/))/NHAGN
T3=DT/«Z(J+J)-Z(J))JI(DZ(J))/NHAGN
T4=DT/«Z(J)-Z(J-J))JI(DZ(J))/NHAGN
IF (IF/ELD. GT. J) GO TO JO
DBJ=(BO(I+J,J)/S/G(/,J,J,O,O)-BO(/,J)/S/G(/,J,J,O,O))JI(R/PH
DB2=(BO(/-J.J)/S/G(/,J,-J,O,O)-BO(/.J)/S/G(/,J,-J,0,0))JI(R/HH
DB3=BO(/.J+J)/S/G(/.J.0.J.0)-BO(/.J)/SIG(/,J,0,J,0)
DB4=BO(/.J-J)/S/G(/.J.0.-J.0)-BO(/,J)/S/G(/.J.0.-J.0)
DE(/.J)=(TJJI(DBJ+T2J1(DB2+T3J1(DB3+T4J1(DB4)/PERH

10 /F (IF/ELD. NE. 2) GO TO 20
DBRJ=(BR(/+J,J)/S/G(/,J.+J.O.O)-BR(/,J)/S/G(/,J,+J,O,O))JI(R/PH
DBR2=(BR(I-J,J)/SIG(I.J,-J.0,0)-BR(/,J)/SIG(I.J.-J.0,0))JI(RIHH
DBR3=BR(/. J+J)/SIG(I. J.D. +J.O)-BR(I,J)/SIG(/.J.O. +J,O)
DBR4=BR(I.J-J)/SIG(I,J,0.-J.0)-BR(I.J)/SIG(I,J,0,-J,0)
DE(I.J)=(TJJI(DBRJ+T2J1(DBR2+T3J1(DBR3+T4J1(DBR4)/PERH

20 IF (IFIELD. NE. 3) GO TO 30
DBZJ=(BZ(/+J,J)/SIG(I,J,+J,O.O)-BI(I,J)/SIG(/,J.+J,O,O))JI(R/PH
DBI2=(BI(I-J.J)/SIG(I,J.-J,0.0)-BI(I,J)/SIG(I,J,-J,0.0))JI(RIHH
DBI3=BZ(I,J+J)/SIG(I,J.0,+J,0)-BI(/,J)/SIG(I,J,0,+J,0)
DBI4=BI(I,J-J)/SIG(I.J.0.-J.0)-BI(I,J)/SIG(I,J.0,-J.0)
DE(I,J)=(T1Jl(DBIJ+T2J1(DBI2+T3J1(DBI3+T4J1(DBI4)/PERH

30 CONTINUE
IF (/DFN. EO. 2) GO TO JOO

C
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(
C MAGNETIC DIFFUSION
C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(

IF (IFIELO. CT. 1) GO TO 50
00 40 1=2.KP1
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DO 40 J=2,JP1
BD(!,J)=BD(!,J)+DE(!,J)

40 CONTINUE
50 !F (fF!ELD.NE.2) GO TO 70

DO 60 !=2,KP1
DO 60 J=2,JP1
BR(!,J)=BR(!,J)+DE(I,J)

60 CONTINUE
70 IF (IFIELD. NE. 3) GO TO 90

DO 80 I=2,KP1
DO 80 J=2,JP1
BZ(I,J)=BZ(I,J)+DE(!,J)

80 CONTINUE
90 CONTINUE

100 CONTINUE
CRLL SECOND (R)

C
IF (!DFN. EO. 1) GO TO 140

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~MMMM~W~

C THERMRL CONDUCTION
C W~~~~~~M~~~W~~WM~WWMM~~M~WWWM~WWMWM~W~MWMMW~MWWMWWW~~W~~MMM~~WWWWW

DO 130 NDT=J,NTHRM
CRLL BOUND
DO 110 !=2, KP1
RIPH=(R(!)+R(I+1))12.
RIMH=(R(I)+R(!-1))12.
DO 110 J=2, JP1
T=(E(I,J)-0.5M(U(!,J)Mw2+V(!,J)MM2))ICV(!,J,O,O)
TP1=(E(!+1,J)-0.Sw(U(I+1,J)~w2+V(I+1,J)ww2))ICV(I+l,J.0,0)

TM1=(E(!-1,J)-0.5w(U(I-1,J)w~2+V(!-l,J)ww2))ICV(I-l,J.0.0)

TP2=(E(!,J+1)-0.Sw(U(I,J+1)~~2+V(!,J+1)ww2))ICV(I.J+l.0.0)

TM2=(E(!,J-1)-0.5~(U(I.J-1)~w2+V(!,J-1)Mw2))ICV(I.J-l.0.0)

T1=DTI«R(!+1)-R(I))wDR(!)wR(!))INTHRM
T2=DTI«R( I )-R(!-I ))wDR(! )wR(! ))INTHRH
T3=DTI«Z(J+1)-Z(J))~DZ(J))INTHRH

T4=DTI«Z(J)-Z(J-1))MDZ(J))INTHRM
DT1=( TP1MCOND( I. J. +1. O)-TwCOND(I. J. +1. O))wRIPH
DT2=(TM1wCOND(I.J.-1.0)-T~COND(I.J.-l.0))wRIPH

DT3=TP2~COND( I, J. O. +J)-T~COND(J. J. O. +J)
DT4=TM2~COND(I.J.0.-l)-T~COND(I.J.0.-l)

DE(!. J)=( T1~DT1+ T2wDT2+ T3wDT3+ T4wDT4)IRHO(I. J)
110 CONTINUE

DO 120 1=2,KPI
DO 120 J=2.JPl

120 E(I.J)=E(I.J)+DE(I.J)
130 CONTINUE
140 CONTINUE

RETURN
END
SUBROUTINE TEMDIF

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C CRLCULRTES THERMRL D!FFUSION IMPLICITL Y
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COMMON ICRRRRYI RHO(45,225), U(4S, 225). V(45. 225). E(4S, 225). PHI (45.
1225).BO(l,l).BR(1.1).BZ(I.I),DE(l,l)

COMMON ICMESHI KMRX,JMRX.KPI. JPI.KP2. JP2
COMMON ICBOUNDI DRNGLE(22S). IOBK(22S). IOBL(22S). ISYH(4).IRXI. lOBO
COMMON IGRRVTYI Ge. GR. GZ
COHHON ICTIHEI TIHE.DT.DTT.STRB.HINDT.HRXDT.NCYCLE.NHRX
COHHONICGRIOIR(4S).RO(4S).Z(22S).DR(4S).OZ(22S).XD(4S).ZHIN.RHIN.D
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C
C

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C SETS-UP TRI-DIRGONRL I1RTR/X FOR /I1PL/CIT /NTEGRRTlON
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

C

110.DRO.IGRRPH(225).NBOUND
COHHON ICCRLCI BL.EHF. HCRLC. NHRGN.NTHRH. IPOT. IDFN. IPTSF
COHHON ICINITI RHOO. VI. VR.BO.BRO.BIO.EO.PH/O.PERHO.VELOC,RRFV.PERI1

1. NVECT. NPDIH
COHHDNICHHDIINSJ(225) •DVDL T. BRSEP, DPOT. SPRCE. SPINSL. JPLI1IN. JPLI1RX
COHHDNICHRTRXI RCOEF(225).BCDEF(225), CCDEF(225),DCOEF(225), SUB (225

1).DIRG(225).SUP(225).CDNST(225)
RERLJIlB R.RD

DD 20 J=2.JPl
DD 10 K=2.KPI
I=K
ENERGY=E(K.J)-0.5J1l(U(K.J)JIlJll2+V(K.J)JIlJll2)
DRl=I.I«R(K+l)-R(K))JIlDR(K))
DR2=1.1«R(K)-R(K-l~)JIlDR(K))

DCDNDl=l. I(CDND(K. J. O. O)JIlDI(J))JIl(CDND(K. J,O, 1)-CONDO(,J,O, -1»
RLPHR=RHD(K.J)JIlCV(K.J.O.O)ICDND(K.J.O.O)
RCDEF(I-l)=DRl+l.I(2.JIlDR(K))JIlDCDNDl
BCDEF(I-l)=-DRI-DR2-RLPHRIDT
CCDEF(I-l)=DR2-1.1(2.JIlDR(K))JIlDCONDl
DCDEF(I-l)=-RLPHRIDTJIlENERGYICV(K, J, 0, 0)

10 CDNTINUE
CRLL KsWEEP (J)

20 CDNTINUE
DO 40 K=2.KPI
DO 30 J=2.JPl
ENERGY=E(K.J)-0.5J1l(U(K.J)JIlJll2+V(K.J)JIlJll2)
DIl=I.I«I(J+l)-I(J))JIlDI(J))
DI2=1.1«I(J)-I(J-l))JIlDI(J))
DCDNDl=l.I(CDND(K.J.O.O)JIlDR(K))JIl(CDND(K,J,I,O)-COND(K.J.-l,O»)
RLPHR=RHD(K.J)JIlCV(K.J.O.O)ICDND(K.J.O.O)
RCDEF(J-l)=Dll+l.I(2.JIlDI(J))JIlDCONDl
BCDEF(J-l)=-DII-DI2-RLPHRIDT
CCDEF(J-l)=DI2-1.1(2.JIlDI(J»)JIlDCONDl
DCDEF(J-l)=-RLPHRIDTJIlENERGYICV(K.J,O.O)

30 CDNTINUE
CRLL JsWEEP (K)

40 CDNTINUE
RETURN
END
SUBROUTINE TRIO (11)

CDHHDNICHRTRXI RCDEF(225).BCDEF(225). CCOEF(225).DCOEF(225), SUB(225
1).DIRG(225). SUP(225). CONST(225)

N=H
NN=N-l
SUP(I)=sUP(l)IDIRG(l)
CDNsT(l)=CDNsT(l)IDIRG(I)
DD 10 I=2.N
1I=/-1
D/RG(/)=D/RG(/)-SUP(//)JIlSU8(/)
IF (J.EO.N) GO TO 10
SUP(/)=SUP(/)ID/RG(/)

10 CONST(/)=(CONST(/)-SU8(/!)JIlCONST(//»/0/RG(!)
00 20 K=l,NN
!=N-K
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C
C

IF (JDFN. NE. 1) GD TO 10
DCDEF(l)=DCDEF(J)-CCDEF(l)~PHI(K,J)

DCDEF(JMAX)=DCDEF(JMAX)-ACDEF(JMAX)~PHI(K,JP2)

GO TO 20

CDNST(I)=CDNST(I)-SUP(I)~CDNST(I+J)

20 CDNTlNUE
RETURN
END
SUBRDUTINE KSWEEP (J)

CDMMDN ICARRAYI RHD(45.225).U(45.225). V(45,225),E(45,225),PHl(45,
1225).BD(1,J),BR(J,1),BZ(J.J).DE(J.J)

CDMMDN ICMESHI KMAX.JMAX.KPJ.JPJ.KP2.JP2
CDMMDNICMATRXI ACDEF(225),BCDEF(225),CCDEF(225),DCDEF(225),SUB(225

J),DIAG(225),SUP(225),CDNST(225)
CDMMDN ICCALCI BL.EMF,MCALC,NMAGN,NTHRM,IPDT,IDFN,IPTSF

2560
2561
2562
2563 .
2564
2565
2566
2567
2568
2569
2570
2571
2572
2573
2574
2575
2576
2577

/ 2578
2579
2580
2581
2582
2583
2584
2585
2586
2587
2588
2589
2590
2591
2592
2593
2594
2595
2596
2597
2598
2599
2600
2601
2602
2603
2604
2605
2606
2607
2608
2609
2610
2611
2612
2613
2614
2615
2616
2617
2618
2619
2620
2621
2622
2623

IF (JDFN. NE. 1) GO TO 10
DCDEF(J)=DCDEF(l)-CCDEF(l)~PHI(J,J)

DCDEF(KMAX)=DCDEF(KMAX)-ACDEF(KMAX)~PHI(KP2,J)

GO TO 20
JO ENERJ=E(J,J)-0.5~(U(J,J)~~2+V(J,J)~~2)

ENER2=E(KP2,J)-0.5~(U(KP2,J)~~2+V(KP2,J)~~2)

DCDEF(l)=DCDEF(J)-CCDEF(l)~ENERJICV(J,J,O,O)

DCDEF(KMAX)=DCDEF(KMAX)-ACDEF(KMAX)~ENER2ICV(KP2,J,0,0)

20 CDNTINUE
DD 30 K=J,KMAX
INDEX=KMAX-K+J
DIAG(INDEX)=BCDEF(K)
SUP(INDEX)=CCDEF(K)
SUB (INDEX)=ACDEF(K)
CDNST(INDEX)=DCDEF(K)

30 CDNTINUE
CALL TRID (KMAX)
DD 40 K=l,KMAX
L=KMAX-K+J
DE(K+1, J)=CDNSUL)

40 CDNTINUE
RETURN

END
SUBRDUTINE JSWEEP (K)

CDMMDN ICARRAYI RHD(45. 225). U(45, 225), V(45. 225),E(45. 225). PHU45,
1225),BD(1.1),BR(1.J),BZ(J.l).DE(J.J)

CDMMDN ICMESHI KMAX,JMAX.KPJ.JPJ,KP2.JP2
CDMMDNICMATRXI ACDEF(225).BCDEF(225). CCDEF(225).DCDEF(225), SUB (225

1),DIAG(225).SUP(225),CDNST(225)
CDMMDN ICCALCI BL, EMF, MCRLC, NMAGN, NTHRM, IPDT, IDFN,IPTSF

c

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C IMPLICIT SWEEP IN THE J DIRECTlDN
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

c
C

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C IMPLICIT SWEEP IN THE K DIRECTlDN
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C
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10 ENERl=E(K,1)-0.5~(U(K,1)~~2+V(K,1)~~2)

ENER2=E(K,JP2)-0.5~(U(K,JP2)~~2+V(K,JP2)~~2)

DCDEF(l)=DCOEF(l)-CCOEF(l)~ENERl/CV(K,l,O,O)

DCOEF(JMRX)=DCOEF(JMRX)-RCOEF(JMRX)~ENER2/CV(K,JP2,0,0)

20 CONTINUE
DO 30 J=l,JMRX
INDEX=JMRX-J+l
DIRG(INDEX)=BCOEF(J)
SUP(INDEX)=CCOEF(J)
SUB (INDEX)=RCOEF(J)
CONS T(INDEX) =DCOEF(J)

30 CONTINUE
CRLL TRID (JMRX)
DO 40 J=l,JMRX
L=JMRX-J+l
DE(K,J+l)=DE(K,J+l)+CONST(L)

40 CONTINUE
RETURN
END
FUNCTION GAMM(I,J)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C DEFINES SPECIFIC HERT RRTIO
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

GAMM=1.15
RETURN
END
EUNCTION RGAS(P, T)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C GAS CONSTRNT
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

RGAS=4.184~10. ~~7~1. 987/22.
RETURN
END
FUNCTION CV(J, J, IHRLF, JHRLFJ

C
C

COMMON /CCRLC/ BL. EMF, MCRLC, NMRGN, NTHRM, IPOT, IDFN, IPTSF
C DEFINES SPECIFIC HERT RT CONSTRNT VOLUME
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

CV=l. 67~10. ~~7

RETURN
END
FUNCTION CP(P, T)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C DEFINES SPECIFIC HERT RT CONSTRNT PRESSURE
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

H=-O.22016E8-0.27793E2~P+0.23314E-4~P~~2+(-0.16712E5+0. 28226E-I-P­
JO.23821E-7-P--2)-T+(0.44858EJ-0. 71655E-5MP+O.6072JE-1J-P--2).T••2
CP=H/T
RETURN
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END 2688
FUNCTION VIS( I. J. IHRLF. JHRLF) 2689

C 2690
C 2691
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2692
C COMPUTES LRMINRR VISCOSITY 2693
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2694
C 2695
C 2696

COMMON/CSTRSS/TRRR(225). TZZR(225). TDOR(225). TRZR(225). VISC.VISCO 2697
C 2698
C 2699

VISC=VISCO 2700
VIS=VISCO 2701
RETURN 2702
END 2703
FUNCTION EDDY(I.J) 2704

C 2705
C 2706
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2707
C EDDY COEFFICIENT FOR TURBULENT CRLCULRTION 2708
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2709
C 2710
C 2711

EDDY=D. 2712
RETURN 2713
END 2714
FUNCTION CONDO(. J. KHRLF. JHRLF) 2715

C 2716
C 2717
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2718
C DEFINES THERMRL CONDUCTIVITY 2719
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2720
C 2721
C 2722

COMMON /CCRLC/ BL.EMF.MCRLC.NMRGN.NTHRM.IPOT.IDFN.IPTSF 2723
NTHRM=99999 2724
COND=O. 2725
RETURN 2726
END 2727
FUNCTION SIG(I.J.IHRLF.JHRLF.IN) 2728

C 2729
C 2730
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2731
C DEFINES ELECTRICRL CONDUCTIVITY 2732
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2733
C 2734
C 2735

COMMON /CCRLC/ BL.EMF.MCRLC,NMRGN,NTHRM,IPOT,IDFN,IPTSF 2736
C 2737
C 2738

NMRGN=99999 2739
SIG=lD.JKJK(-lO) 2740
RETURN 2741
END 2742
FUNCTION BETR(J,J, IHRLF,JHRLF) 2743

C 2744
C 2745
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2746
C DEFINES HRLL PRRRMETER 2747
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2748
C 2749
C 2750

BErR=2.0 2751
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RETURN 2752
END 2753
FUNCTION B(J,J) 2754
B=20000. 2755
RETURN 2756
END 2757
SUBROUTINE SECOND (R) 2758
RETURN 2759
END 2760
SUBROUTINE PLOTTE 2761

C 2762
C 2763
C THE FOLLOWING SUBROUTINES EHPLOY EITHER STRNDRRD CRLCDHP 2764
C OR STROHBERG-CRRLSON PLOT SUBROUTINES. IF CRLCOHP RDUTINES RRE 2765
C USED THEN THE SC ROUTINES HUST BE DUHHIED OUT (SEE TECHNICRL, 2766
C REPORT) OR IF THE SC ROUTINES RRE USED, THE CRLCOHP ROUTINES 2767
C RRE VOIDED. 2768
C 2769
C 2770
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2771
C PLOT EXECUTIVE ROUTINE 2772
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 2773
C 2774
C 2775

CDHHDN /TPL T/ TPL THI, TPL THR, TPL TOE, TPL TOL. TZERO, T 2776
COHHDN/P1/XGRRPH(45), ZGRRPH(225), XVEL T(45, 225), ZVEL T(45, 225), 2777

lSH(45, 225), DR(45),DZ(225), NOLIN1(45,225),NOLIN2(45,225),ILOW, 2778
1IHIGH, JLOW, JHIGH, XLOW, XHIGH, ZLOW, ZHIGH,HL (10),HDIH(10), NCYCLE, ISC, 2779
2DHN(525),XLF(225), YLF(225), IPLDW, IPHIGH, JPLDW, JPHIGH, XPT(50, 11), 2780
3YPT(50, 11) 2781

COHHON /P2/ L1,L2,L3,L4,HFRRHE(10,2),IPRRRH,IRHIN(10),IRHRX(10),JR 2782
1HIN(10),JRHRX(10),HPODE(10),IPRR(10),IKT,IKH,HFR,IPRRT, NPTS, KLDG 2783

COHHON /P3/ ZZ,LI1,LI2,LI3,LI4,E1,E2,E3,E4,ISYH,KL1,KL2,KL3,KL4,PL 2784
10, IHHIN(20),IHHRX(20),JHHIN(20),JHHRX(20),HCODE(20), I HIST,ICHECK,H 2785
20VIE,IDET, IVEL,RPV,ILINE,HZODE(20), IDN(3), ISPRT, IZHIN(20), IZHRX(20 2786
3),JZHIN(20),JZHRX(20),DUHVRR(40),WW,IVX,IVZ,INUHH 2787

C 2788
C 2789
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2790

10 CONTINUE 2791
C ~~~~~~~~~••~~.~~~~~~~~~~~.~~~~~~~~~~~~~~~~~~~~N~••~~~~~~~~~~.~~~~~ 2792
C INI TIRL IZRTION 2793
C ~~~~~~~~~.~~~~~~N~~~~~~~~~~~~~~~~~~~~~~~.~~~~~~~~~~~~~~~~~~~~~~~~~ 2794

IKT=O 2795
LI1=0 2796
LI3=0 2797
HFR=O 2798
PLO=O. 2799
KL1=0 2800
KL2=0 2801
/(L3=0 2802
KL4=0 2803

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2804
C CRRD INPUT DESCRIBING PLOTS DESIRED 2805
C ~~~~~~~~~~~~~~.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2806

TZERO=O. 2807
CRLL RDPL T 2808
REWIND 14 2809

20 CONTINUE 2810
IF (JHIST.LT.1.RND.ISPRT.LT.J) WRITE (6,150) IVEL.HOVIE,ISC 2811
IF (JHIST. LT. 1. RND. ISPRT. L T. J) CRLL GRIDS 2812
IF (IHIST. L T.l. RND. ISPRT. LT.1. RND. T. LE. TPL THR) GO TO 20 2813

C •••••N~~~~.ww••www~~~w~w~wwww~W~~~~~MM~~W~~MWWMWW~~MMWWW~WM~~W~~WW 2814
C TIHE HISTORY 2815

321
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c •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 2816
IF (JHIST. Ea. 0) GO TO 80 2817
IKT=O 2818
IKH=IHIST 2819
DO 70 KZ=I,IHIST 2820
NFR=HFRRHE(KZ,I) 2821
IKT=IKT+l 2822
PLO=I. 2823
KLJ=IHHIN(Kl> 2824
KL2=IHHRX(KZ) 2825
KL3=JHHIN(KZ) 2826
KL4=JHHRX(Kl> 2827

C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 2828
C KLl,KL2 RND KL3,KL4 RRE THE CELL INDICES WHERE TINE HISTORIES 2829
C RRE RECORDED 2830
C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 2831

DO 60 IR=KL 1. KL2 2832
DO 60 JR=KL3,KL4 2833
TZERO=- TPL TOE 2834
ICODE=HCODE(KZ) 2835
REWIND 14 2836
KL=1 2837
PRINT 160, KLJ,KL2,KL3,KL4,ICOOE 2838

C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 2839
C BLOCKED DRTA ON UNIT 14, 36 VRRIRBLES <TRBLE C.l OF TECHNICRL 2840
C REPORT> X 14 CELLS 2841
C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 2842

30 RERD (J4) <DHN(KX), KX=I, 504), T,NCYCLE,DT 2843
DO 40 HX=I,14 2844
IND=(HX-l).36 2845
IR=DHN( INO+l) 2846
JR=DHN( IND+2) 2847
OUHVRR(21)=DHN(IND+21) 2848
IC=IND+ICODE 2849
DUHVRR( ICODE>=DHN( IC) 2850
IF <T. LT. TPL THI> GO TO 30 2851
IF (IR. Ea. IR. RND. JR. EO. JR) XLF(KL)=DUHVRR(21) 2852
IF (JR. EO. IR. RND. JR. Ea. JR) YLF(KL)=OUNVRR(JCODE) 2853
IF (JR. Ea. IR. RND. JR. Ea. JR) KL=KL+l 2854
IF (IR. Ea. IR. RND. JR. Ea. JR) PRINT lBO, IR. JR. KL. XLF(KL-l ). YLF(KL-l) 2855

40 CONTINUE 2856
IF <T. LT. TPL TNR) GO TO 30 2857
TZERO=T 2858
REWIND 14 2859

C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 2860
C GRID IS RLSO PLOTTED 2861
C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 2862

50 CRLL GRIDS 2863
IF (T. LT. TZERO) GO TO 50 2864
ICH=KL-2 2865
NIP=O 2866
CRLL LRBPL T (JCH. ICODE.IR. JR. NIP) 2867

60 CONTINUE 2868
70 CONTINUE 2869

C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 2870
C SPRTIRL DISTRIBUTUION 2871
C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 2872

80 IF (JSPRT. Ea. 0) GO TO 140 2873
IKT=O 2874
IKH=ISPRT 2875
DO 130 /=1. ISPRT 2876
MFR=NFRRHE(I,2) 2877
lKT=IKT+l 2878
IDIST=3 2879

322



IF (MDIM(I).EO.2) IDIST=2
PLO=2.
KLJ=IZMIN( I)
KL2=IZMRX(I)
KL3=JZMIN( I)
KL4=JZMRX( I)
TZERO=O.
ICODE=MZODE(I)
REWIND 14
KL=l
PRINT 170, KLJ, KL2, KL3, KL4, ICODE, IDIST

90 RERD (J4) WMN(KX),KX=1,504), T,NCYCLE,Dr
IF (T. LT. TPL TMI) GO TO 90
SUM= T- TPL TDL - TZERO
IF (SUM. LT. 0.) GO TO 90
DO 100 MX=l, 14
IND=(MX-1)JN36
IR=DMN( IND+l)
JR=DMN(IND+2)
IC=IND+ICODE
IDG=3
IF (IDIsT.EO.2) IDG=4
DUI1VRR( ICODE)=DMN( IC)
DUMVRR(IDIsT)=DMN(IND+IDG)
IF (IDIsT. EO. 3. RND. IR. GE. KLJ. RND. IR. LE. KL2. RND. JR. EO. KL3) XLF(KL)=

1DUMVRR ( IDIST)
IF (JDIsT. EO. 3. RND. IR. GE. KLJ. RND. IR. LE. KL2. RND.JR. EO. KL3) YLF(KL)=

1DUMVRR (JCODE)
IF (JDIsT. EO. 3. RND. IR. GE. KLJ. RND. JR. LE. KL2. RND. JR. EO. KL3) KL=KL+1
IF (IDIsT. EO. 3. RND.IR. GE. KLJ. RND. JR. LE. KL2. RND. JR. EO. KL3) PRINT 18

10, IR,JR,KL.XLF(KL-J), YLF(KL-J)
IF (IDIsT. EO. 2. RND. JR. GE. KL3. RND. JR. LE. KL4. RND.IR. EO. KLJ) XLF(KL)=

IDUMVRR (JDIST)
IF (IDIST.EO.2.RND.JR.GE.KL3.RND.JR.LE.KL4.RND.IR.EO.KLl) YLF(KL)=

1DUMVRR ( ICODE)
IF (IDIsT. EO. 2. RND. JR. GE. KL3. RND. JR. LE. KL4. RND. IR. EO. KLJ) KL=KL+l
IF (JDIsT. EO. 2. RND. JR. GE.KL3.RND. JR.LE.KL4.RND. IR.EO.KL1) PRINT 18

10, IR,JR,KL.XLF(KL-1), YLF(KL-J)
IF (JDIsT. EO. 3. RND. IR. EO. KL2. RND. JR. EO. KL3) GO TO 110
IF (JDIsT.EO.2.RND.JR.EO.KL4.RND. IR. EO. KLJ) GO TO 110

100 CONTINUE
GO TO 90

110 CONTINUE
TZERO=T
REWIND 14

120 CRLL GRIDS
IF (T. LT. TZERO) GO TO 120
ICH=KL-2
NX=MDIM(I)
CRLL LRBPL T (ICH, ICODE,IR, JR,NX)
KL=l
IF (T. GT. TPLTMR) GO TO 130
GO TO 90

130 CONTINUE
140 CONTINUE

IF (INUMM. EO. 1) GO TO 10
CRLL PLDT (X, Y,999)
RETURN

c
C

150 FORMRT (10X,100(JHJN),/,25X,25H GRID PLOT ,7HIVEL =,
13X, 13,5X,8HMOVIE = ,3X,13,5X,6HISC = ,3X,13,/, lOX, 100(IH-»

160 fORHRT (lOX, lOO(JH-),/,25X,25H TEHPORRL DISTRIBUTION ,I,20X,3OH
1 KLl,KL2,KL3,KL4,ICOOE , 6(2X, 13),/, lOX,JOO(lHIN»

323

AE DC-TR-77-1 05

2880
2881
2882
2883
2884
2885
2886
2887
2888
2889
2890
2891
2892
2893
2894
2895
2896
2897
2898
2899
2900
2901
2902
2903
2904
2905
2906
2907
2908
2909
2910
2911
2912
2913
2914
2915
2916
2917
2918
2919
2920
2921
2922
2923
2924
2925
2926
2927
2928
2929
2930
2931
2932
2933
2934
2935
2936
2937
2938
2939
2940
2941
2942
2943



AEDC-TR-77-105

170 FORHRT (JOX, 100(JHJIf), I, 25X, 25H SPRTIRL DISTRIBUTION •1.20X.30H
1 KL1,KL2,KL3,KL4, ICODE, IDIST,6(2X, 13).1. 10X,100(lHJIf))

180 FORHRT (21H IR,JR,KL.XLF, YLF , 3 (2X, 13), 2(JX, E12. 4))
END
SUBROUTINE RDPL T

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C RERDS CRRD INPUT FOR PLOTTING
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COHHON ICOUTPI TITLE(15), KPDEL, JPDEL, NPLOT, NPRN, NDIGPL, NGRRPH
COHHON ITPL TI TPL THI, TPL THR, TPL TDE, TPL TDL. TZERO, T
COHHONIP1IXGRRPH(45), ZGRRPH(225), XVEL T(45, 225), ZVEL T(45, 225),

1SH(45, 225), DR(45),DZ(225), NOLIN1(45,225),NOLIN2(45,225),ILOW,
1IHIGH, JLOW, JHIGH, XLOW,XHIGH, 2LOW, ZHIGH, HL (10),HDIH( 10), NCYCLE, ISC,
2DHN(525), XLF(225), YLF(225), IPLOW, IPHIGH, JPLOW, JPHIGH, XPT(50, 11),
3YPT(50, 11)

COHHON IP21 L1 ,L2,L3,L4,HFRRHE(10,2), IPRRRH, IRHIN(10), IRHRX( 10), JR
1HIN(10),JRHRX(10),HPODE(10),IPRR(10),IKT,IKH,HFR,IPRRT, NPTS. KLOG

COHHON IP31 ZZ,LI1.LI2.LI3,LI4.E1,E2.E3,E4,ISYH,KL1,KL2,KL3,KL4.PL
10, IHHIN(20), IHHRX(20).JHHIN(20).JHHRX(20).HCODE(20). IHIST.ICHECK.H
20VIE.IDET, IVEL.RPV,ILINE.HZODE(20).IDN(3). ISPRT.IlMIN(20). IlMRX(20
3). JZHIN(20).JlMRX(20).DUMVRR(40). WW. IVX, IVl.INUMM

DRTR IKOIOI
C
C

IKO=IKO+1
IF (IKO.EO.1) Tl=T
KL1=0
KL2=0
KL3=0
KL4=0
ICHECK=O

C JlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJl(JI(WWWWJlfJlfJlfJlfJl(JIfJlfJl(JlfJlfJlfJl(JlfJl(JlfWWWW

C IHIST= NUHBER OF TIHE HISTDRY CRRDS
C RPV=RRSTERSIUNI T VELOCITY, CURRENT, ETC.
C ISPRT=NUHBER OF SPRTIRL CRRDS
C IPRRRH=NUHBER OF PRRRHETERS ON SRHE PLOT
C ILINE=NUHBER OF LINE CRRDS WSUSRLLY 2)
C IVEL =0 ,NO VELOCITY VECTORS••••••••• I VEL =1, VELOCITY VECTORS
C HOVIE=O, NO HOVIE..... HOVIE=l. HOVIE...... HOVIE=3, CONTOUR MRP
C NCODE =1 (X) =2 (l)
C ISC=-l.SHRDING••••••• ISC =a NO SHRDING
C NSHRDE =DEGREE OF SHRDING (1=DRRKEST,10=LIGHTEST)
C ISYH=O (NO HIRROR IHRGE), =1 (HIRROR IHRGERBOUT X - RXIS) =2 (
C MIRROR IHRGE RBOUT Z - RXIS)
C IDET=l.JUST GRID WITHOUT RXIR): IDET=3,PUNCHED CRRDS OF SHRDEI
C 3-DICONTOUR l (SH) VRLUES: IDET=5, 3-D PERSPECTIVE
C HDIH=J(X-DIRECTION),2(l-DIRECTION) IN SPRTIRL DISTRIBUTION PLOTS.
C HCODE RND HZODE ( TIME I SPRTIRL DISTRIBUTION VRRIRBLES ) SELECTED
C FROM BELOW•••••• TRBLE C.1 IN REDC TR-77-105
C E1= HINIHUH VRLUE FOR SHRDING, E2= HRXIHUH VRLUE FOR SHRDING
C LI1= VRRIRBLE TO BE SHRDED, LI2= LINERR(O), LOGARITHMIC(l)
C LI3 =1 IF HRLF PLOT IS SHRDED RND HRLF PLOT IS VECTORS
C NOTE THRT SHRDING IHPLIES 3-D PERSPECTIVE RND CONTOUR MRPPING RLSO
C 3 R 8 V 13 MRCH 18 Tll 23 VISC 28 GAMMR 33 PHI
C 5 DR 10 E 15 M 20 TRZ 25 Bl 30 35 COND(!)
C. 6 Dl 11 INT 16 BO 21 TIME 26 JR 31 TEMP 36 VORT
C 7 U 12 C 17 TRR 22 DT 27 Jl 32 CV
C WWWWWWWWWWWWWWJI(JlfWJlfJl(JlfWWJlfJlfWWWWWJlfWJlfJlfWWJI(JlfWWJI(JI(WWWJI(JlfJlfWJlfWWJI(WWJlfWWWWWJlfWWWWW

WRITE (6.170) (TITLE( J). 1=1.15)
RERD 180, MOVIE.IHIST, ISPRT.IPRRRM.lLINE, ISC, IDET, ISYM, IVEL,RPV, IP
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2982
2983
2984
2985
2986
2987
2988
2989
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3005
3006
3007



1RRT
PRINT 190, HDVIE, IHIST, ISPRT, IPRRRH, /LINE, ISC, IDET, ISYH, IVEL,RPV, /

lPRRT
RERD 200, ILDW,IHIGH,JLDW,JHIGH,Ll,L2,L3,L4,JPDEL,KPDEL
IF (JPDEL. EO. 0) JPDEL =1
IF (KPDEL. EO. 0) KPDEL=l
IF (Ll. EO. 0) PRINT 220, /LDW, IHIGH, JLDW, JHIGH, JPDEL,KPDEL
IF (Ll.NE.O) PRINT 210, /LDW,IHIGH,JLDW,JHIGH,Ll,L2,L3,L4
IF (Ll.EO.O) Ll=/LDW
IF (L2.EO.0) L2=IHIGH
IF (L3. EO. 0) L3=JLDW
IF (L4.EO.0) L4=JHIGH
DD 10 Kl=l,IHIGH
DD 10 Jl=l, JHIGH
SH(K1, Jl )=0.
NDL INl (K1, Jl )=0
NDLIN2(Kl, JJ)=O

10 CDNTINUE
RERD 230, ZLDW,ZHIGH,XLDW,XHIGH
PRINT 240, ZLOW,ZHIGH,XLDW,XHIGH
IF (IPRRT. EO. 0) CD TO 20
RERD (5,140) IPLDW,IPHIGH,JPLDW,JPHIGH,NPTS
WRITE (6,150) IPLDW,IPHIGH,JPLDW,JPHIGH,NPTS

20 CDNTINUE
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C VECTORS
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IF (/VEL. EO. 0) CD TO 30
RERD 250, IVX,IVZ,KLDG
PRINT 260, IVX,IVZ,KLDG

30 CDNTINUE
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C TIHE HISTORY CRRDS
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IF (IHIST.EO.O) CD TD 50
PRINT 270
DD 40 1=1, IHIST
RERD 290, IHHIN(I),IHHRX(I),JHHIN(I),JHHRX(I),HCDDE(I),HFRRHE(I,1)
PRINT 280, IHHIN(I),IHHRX(I),JHHIN(I),JHMRX(!),HCODE(/),MFRRME(I,1

J)
MCDDE(I)=HCDDE(I)

40 CONTINUE
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C ELIHINRTING LINES IN GRIDS
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

50 IF (/LINE. EO. 0) CD TO 80
PRINT 300
DD 70 N=l, /LINE
RERD 290, ISHIN,ISHRX,JSHIN,JSHRX,NCDDE
PRINT 310, ISMIN, ISHRX, JSHIN, JSHRX,NCDDE
DD 60 I=/LDW,IHIGH
DD 60 J=JLDW,JHIGH
IF (NCDDE.EO.l.RND.I.GE.ISHIN.RND.I.LE.ISHRX.RND.J.GE.JSHIN•RND.J.

lLE. JSHRX) NDLINl (J, J)=l
IF (NCDDE. EO. 2. RND. I. GE. ISHIN. RND. I. LE. ISMRX. RND. J. GE. JSHIN. RND. J.

lLE.JSHRX) NDLIN2(I,J)=1
60 CDNTINUE
70 CDNTINUE

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C SPRTIRL DISTRIBUTIDN CRRDS
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~MM~MMMMMMM~MMMMMMMMMMMMMMMM~MM~MMMMMMM

80 IF (fSPRT. EO. 0) GO TO 100
PRINT 320
DO 90 N=l,/SPRT
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RERD 340, IlHIN(N),llHRX(N),JlHIN(N),JlHRX(N),HlODE(N),HFRRHE(N,2)
PRINT 330, IlMIN(N),llHRX(N),JlMIN(N),JlMRX(N),MlODE(N),MFRRME(N,2

J)

MDIM(N) =2
IF (IZMIN(N).NE.IZMRX(N» MDIM(N)=1
MZDDE(N)=MZOOE(N)

90 CDNTINUE
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C SHRDING ZONES
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

100 CONTINUE
IF (ISC.EO.-l) RERD 3S0, El,E2,Lll,LI2,LI3
IF (ISC.EO.-l) PRINT 360, El,E2,Lll,LI2,LI3

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C PRRRMETRIC PLOTS
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IF (IPRRRM. Ea. 0) GO TD 120
DO 110 N=l, IPRRRH
RERD 290, IRMIN(N),IRMRX(N),JRMIN(N),JRMRX(N),MPODE(N)
PRINT 160, IRMIN(N), IRMRX(N), JRMIN(N), JRMRX(N), MPODE(N)

110 CONTINUE
120 RERD 370, TPL TMI, TPLTMR, TPL TDE, TPL TDL. INUHM

IF <TPL TMR. GT. Tn TPLTMR=O. 99999~TZ
IF <TPL TDL. GT. Tn TPL TDL=O. 99999~TZ
IF <TPL TDE. GT. Tn TPL TDE=O. 99999~TZ
T=O.

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C PLOT TIME STEPS
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C TZERO=- TPL TDE
TZERO=O.
IF <TPLTDL.NE.O.) PRINT 380, TPLTMI, TPLTMR, TPLTDE, TPLTDL
IF <TPL TDL. NE. 0.) GO TD 130
PRINT 390, TPLTMI, TPLTMR, TPLTDE

130 RETURN
C
C

140 FORMRT (6(IS»
ISO FORMRT (3X,SHIPLOW,2X,6HIPHIGH,3X,SHJPLOW,2X,6HJPHIGH,4X,4HNPTS, /,

14X,13,6X,13,SX,13,6X,13,4X,13)
160 FORMRT (32H IRMIN IRMRX JRMIN JRHRX HPODE,/,S(3X, 13»
170 FORMRT (JH1, ///, lSR4)
180 FORMRT (9IS,SX,EI0.4,IS)
190 FORMRT 08H MOVIE IHIST ISPRT IPRRRM /LINE ISC IDE

IT ISYM I VEL RPV,10H IPRRT ,/,2X,13,8(SX,13),2X,EI0.4,2X
2,13)

200 fORMRT (lOIS)
210 FORMRT (SSH /LOW IHIGH JLOW JHIGH L1 L2 L3 L4

1, /, 2X, 8(13, SX»
220 FORMRT (4 7H /LOW IHIGH JLOW JHIGH JPDEL KPDEL, /, 2X, 6(

1I3,SX»
230 FORMRT (4FI0.4)
240 FORMRT (4SH ZLOW lHIGH XL OW XHIGH,/,4(2X,£1

10.4»
2S0 FORMRT (3IS)
260 FORMAT (J9H IVX IVZ KLOG, /, 3(3X, 13»
270 FORMRT (39H I HMI N I HMRX JHHI N JHMRX MCODE MFRRME)
280 FORMRT (6 (3X, 13»
290 FORMRT (6IS)
300 FORMRT (32H 15MI N ISMRX JSMI N JSMRX NCODE)
310 FORMRT (S(3X,13»
320 FORMRT (39H I ZMI N I ZMRX JZMI N JlMRX HZOOE MFRRME>
330 FORMRT (6 (3X, 13»
340 FORMRT (615)

326

3072
3073
3074
3075
3076
3077
3078
3079
3080
3081
3082
3083
3084
3085
3086
3087
3088
3089
3090
3091
3092
3093
3094
3095
3096
3097
3098
3099
3100
3101
3102
3103
3104
3105
3106
3107
3108
3109
3110
3111
3112
3113
3114
3115
3116
3117
3118
3119
3120
3121
3122
3123
3124
3125
3126
3127
3128
3129
3130
3131
3132
3133
3134
3135



AE DC-T R-n-1 05

350 FORNRT (2E10.4,3(5X,15»

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
DRRWS GRID, INITIRTES SHRDING,NRPPING, 3-D RND TRRCER PLOTS
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

XX(3) =0.
XX(4)=1.
YY(3) =0.
YY(4)=J,
IFRT=l
IBRCK=JHIGH
DO 10 KS=J,JHIGH

10 INSND(KS)=-l

CDNNON /CNESH/ KNRX, JNRX, KP1, JP1, !(P2, JP2
CONNON /COUTP/ TITLE ( lS) , KPDEL. JPDEL. NPLOT, NPRN, NDI GPL. NGRRPH
CONNON /TPL T/ TPL THI, TPL TNR, TPL TOE, TPL TOL. TZERO, T
CONNON /CBOUND/ DRNGLE(22S), IOBK(22S), IOBL(22S),IDYN(4), IRXI, IOBQ
CONNON/CNHD/INSJ(22S),DVOLT,BRSEP,DPOT,SPRCE,SPINSL,JPLNIN,JPLNRX
CONNON /CCRLC/ BL,ENF,NCRLC,NNRGN,NTHRN. IPOT, IDFN. IPTSF
CONNON/CGRIO/R(4S),RO(4S), Z(225), FR(4S), FZ(22S). XF(4S), ZNIN,RNIN,D

1Z0,DRO,IGRRPH(22S),NBOUNO
CONNON /CINIT/ RHOO. VZ, VR, BO. BRO. BZO, EO. PHIO, PERNO, VELOC,RRFV,PERH

J, NVECT, NPDIN
CONNON /NOVE/ XX(4). YY(4)
CONNON/P1/XGRRPH(45), ZGRRPH(225), XVEL T(4S, 22S), ZVEL T(4S, 225).

lSH(4S.22S),DR(4S),DZ(22S). NOLIN1(45,22S).NOLIN2(45,225),ILOW,
1IHIGH. JLOW, JHIGH, XLOW, XHIGH, ZLOW. ZHIGH, ML (10), NOIM(10), NCYCLE, ISC,
2DMN(S25), XLF(225), YLF(22S). IPLOW. IPHIGH, JPLOW, JPHIGH, XPUSO, 11),
3YPUSO, 11 )

CONMON /P2/ L1 ,L2. L3, L4, MFRRME(10,2), IPRRRM, IRMIN(10), IRNRX(10),JR
1MIN(10),JRMRX(10),NPODE(10),IPRR(10),IKT,IKN,MFR,IPRRT,NPTS,KLOG

COMMON /P3/ ZZ,Ll1,LI2,LI3.LI4,E1,E2,E3.E4,ISYM,KL1,KL2,KL3,KL4,PL
10, IHMIN(20), IHMRX(20),JHMIN(20),JHMRX(20),MCODE(20), I HIST,ICHECK,M
20VIE, IDET, IVEL,RPV,ILINE,MZODE(20)./DN(3).ISPRT.IZMIN(20),/ZMRX(20
3), JZMIN(20). JZMRX(20),DUNVRR(40), WW. IVX, IVZ, INUNM

DIMENSION XGEQ(4S),ZGEQ(225),XP(2,2), YP(2,2), TP(2,2),LL(200),
15(200), TLRBEL(102), INSNO(225). IZZ(225)

RERLJK8 R,RD
EQUIVRLENCE (XGRRPH,XGEQ), (ZGRRPH,ZGEQ)
DRTR LL/2001l(0/
DRTR TLRBEL/4H R-,4HRRDI.4HRL .4H Z-.4HRXIR,4HL ,4H DE,4HLTR

1-,4HR ,4H DE, 4HLTR-, 4HZ ,4H VEL. 4HOCIT, 4HY-Z ,4H VEL, 4HOCIT, 4
2HY-R ,4H PR, 4HESSU, 4HRE , 4HTOTR, 4HL EN, 4HERGY, 4H INT, 4HERNR, 4HL
3EN,4H SPE,4HED 5, 4HOUND, 4H NR,4HCH N.4HO ,4H D, 4HENSI, 4HTY ,
44H .4HNRSS,4H .4H NR,4HGN 1,4HND 0,4H ,4H TRR,4H .4H
5 ,4H TZZ. 4H .4H • 4H TOO, 4H • 4H • 4H TRZ. 4H , 4H
6,4H ER .4H .4H .4H £1 .4H ,4H VI, 4HSCOS. 4HI TY , 4HMRGN, 4H
7 FLD,4H R , 4HMRGN. 4H FLD.4H Z .4H CUR, 4HRENT. 4H-R .4H CUR,4HREN
8T.4H-Z ,4H C. 4HP/CV. 4H ,4H CON,4HD EL. 4HECTR, 4H ,4H ,4
9H , 4HTENP. 4HERRT. 4HURE .4HSP H,4HERT .4HVDL .4H PDT. 4HENTI. 4HRL
$ • 4HHRLL,4H PRR.4HMTER.4H CDN.4HO TH.4HERNL.4H VDR.4HTICI.4HTY /

3136
3137
3138
3139
3140
3141
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3143
3144
3145
3146
3147
3148
3149
3150
3151
3152
3153
3154
3155
3156
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3159
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3162
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3166
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3197
3198
3199

TPL TOE TPL TOL , /, 4(2X, E

TPL TOE ,/, 3 (2X, E10. 4),///)

TPLTNR

TLPTNR

E1 E2 Lll
LI3,/,5X,E15.S,5X,E1S.5,3(5X,I5,5X»

360 FORNRT (60H
1 ;19H LI2

370 FORNRT (4F10.4,39X,11)
380 FORNRT (46H TPL TNI

110.4).///)
390 FORNRT (36H TPLTNI

END
SUBROUTINE GRIDS

C
C

C
C
C
C
C
C
C
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SHDBND=4
IF (HFR. EO. J) RETURN
IF (IPDT. EO. 0) GO TO 20
ISP=SPINSL+SPRCE
JIP=O
ICND=l
IELECT=SPRCE

20 CDNTINUE
LIHIT=O

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C REROING FRDH UNIT 14
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~MMMMMMMMMMMMMMMMMMMMMM

30 RERD (14) (DHN(KX),KX=1,S04), T. NCYCLE, DT
DD 60 L=1.14
IF (LIHIT.EO.l) GO TD 60
LR=(L-l )~36
I I =DHN(LR+1 )
JJ=DHN(LR+2)
IF (JJ.Ea.l) XGRRPH(II)=DHN(LR+3)
ZGRRPH(JJ)=DHN(LR+4)
XVEL T( I I, JJ)=DHN(LR+8)
ZVEL T( I I, JJ)=DHN(LR+ 7)
IF ([VEL.NE.O) XVELT([I.JJ)=DHN(LR+IVX)
IF ([VEL.NE.O) ZVELT([I,JJ)=DHN(LR+IVl)
DD 40'KR=3.36
LRF=LR+KR

40 DUHVRR(KR)=DHN(LRF)
IF (DUHVRR(30).Ea.2.) NDLIN1(II.JJ)=2
IF (DUHVRR (30). EO. 2.) NDL IN2( I I. JJ)=2
IF ([PDT. EO. 0) GO TO SO
IF UJ. LT. JPLHIN. DR. JJ. GT. JPLHRX) GO TO SO
IPL1=KP2+l-IGRRPH(JJ)
IPL2=IGRRPH(JJ)
IF (11. NE. IPL2) GO TO SO
JIP=JIP+l
IF (JIP.LE.IELECT) INSND(JJ)=ICND
IF (JIP.GT.IELECT) INSND(JJ)=O
IF (JIP.Ea.ISP) JIP=O
IF (JIP.Ea.O) ICND=ICND+l

SO CDNTINUE
DR( I I )=DUHVRR(S)
DZ(JJ)=DUHVRR(6)
IF (II.Ea.L2.RND.JJ.Ea.L4) LIHIT=l

c ~~~~••~~~••~~.~.~.~~~~~~~~.~~~.~~.~~~~~.~.~~~••MM~~MM.~~.~~MM••MMM

C DETERHINING SHRDE. CDNTOUR DR 3-D VRRIBLE VRLUE (SH)
C .~~•••~•••••~•••••••••••••••••••••••••••••••w•••••ww•••••••MMM••••

IF ([SC. NE. -J) GO TO 60
IF (NDLINJ(11.JJ).GT.2) GO TO 60
IF (LI2.EO.0) DELTR=(E2-EJ)/10.
IF (LI2.EO. J) DELTR=(RLDG10(E2)-RLDG10(EJ))/10.
SHe I I. JJ)=O.
IF (LI1.NE.33) DUHVRR(LI1)=RBS(DUHVRR(LI1))
IF (LI2.Ea.l.RND.DUHVRR(LI1).LE.l •• RND.LI1.NE.33) GO TO 60
IF (LI2.EO.0) SH([I,JJ)=(DUHVRR(Lll)-EJ)/DELTR
IF (LI2. EO. 1) SHe II. JJ)=(RLDG10(DUHVRR(LI J))-RLOGJO(EJ ))/DELTR
IF (SH(II.JJ).LT.-2.S) SH(II,JJ)=-2.S
IF (SH(II.JJ).GT.J2.S) SH(II.JJ)=J2.S

60 CONTINUE
C W.M.M•••••••••••M•••M•••••••••••M•••••••••WM•••••••••w••MM.M••••••

C CONTOUR LIHITS
C ••••••••••••••~~••••••••M••M••••••••W•••W•••••••••••••WWM•••••M•••

IF (LIHIT. Ea. 0) GO TO 30
IF (ISC. NE. -1) GO TO 80
SO )=E1
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DO 70 KI1=2.200
S(KI1)=5(KI1-1 )+DEL TR/4.

70 CONTINUE
80 CONTINUE

lTOP=O
IHRLF=L2/2
IF (XGRRPH(fHRLFJ.GT.O.) lTOP=l
IF (T. LT. TPL TI1/) RETURN
SUI1=T-TPL TDE-TZERO
IF (IHI5T. LT. 1. RND. 15PRT. LT. 1. RND. 5UI1. LT. 0.) RETURN
IF (IHI5T. LT. 1. RND. 15PRT. LT. 1) TZERO=T
IF (IHI5T. GE. 1. RND. T. LT. TZERO) RETURN
IF (fSPRT. GE. 1. RND. T. LT. TZERO) RETURN
IBRCK=O
IFRT=O
IF (IDBO. EO. 0) GO TO 170

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C DEFINING SOLID BOUNDRRY RND ELECTRODES FOR GRID IDENTIDICRTION
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~•••WW.WW••MW•••~.W.M••••

DO 120 JS=JLOW.JHIGH
KS=IGRRPH(JS)
KOBL=KP2+1-IGRRPH(JS)
IF (KS. GT. L2) GO TO 120
IF (KS. LE. L2. RND. NVECT. EO. 2) NOL INJ(KOBL. JS)=S
IF (KS.LE.L2) NOLINJ(KS.JS)=S
IF (KS. EO. L2) GO TO 100
KIX=KS+1
DO 90 KX=KIX.IHIGH
LX=KP2+1-KX
IF (JS.EO.JLOW.OR.JS.EO.JHIGH) GO TO 90
IF (NOLIN1 (KX.JS+1). EO. 1. DR. NOLIN1 (KX. JS-1). EO. 1) NOLIN1(KX.JS)=S
IF (NOLIN1(KX.JS+1).EO.1.RND.NVECT.EO.2! NOLIN1 (LX. JS)=S
IF (NOLINJ(KX.JS-)).EO.1.RND.NVECT.EO.2) NOLINJ(LX.JS)=S

90 CONTINUE
100 CONTINUE

IF (IPOT. EO. 0) GO TO 110
IF (JS.GE.JPLI1IN.RND.JS.LE.JPLI1RX.RND.IN5NO(JS).EO.D) NOLIN1(KS.JS

))=3
IF (JS.GE.JPLI1IN.RND.JS.LE.JPLI1RX.RND.IN5NO(JS).EO.0) NOLIN1(KS.JS

))=S
IF (JS. GE. JPLI1IN.RND. JS.LE. JPLI1RX.RND. IN5NO(JS). EO. 0) NOLIN1(KS.JS

))=S
IF US. GE. JPLI1IN. RND. JS. LE. JPLI1RX. RND. INSNO(JS). NE. 0) NOLINJ(KS. JS

))=4
IF (NVECT.NE.2) GO TO lJO
IF (JS.GE.JPLI1IN.RND.JS.LE.JPLI1RX.RND.IN5NO(JS).EO.0) NOLIN1(KOBL.

1JS)=3
IF (JS. GE. JPLI1IN.RND. JS.LE. JPLI1RX.RND. IN5NO(JS). EO. 0) NOLIN1(KOBL.

1JS) =S
IF US. GE. JPLI1IN. RND. JS. LE. JPLI1RX. RND. IN5NOUS). EO. 0) NOLINJ(K08L.

1JS)=S
IF (JS.GE.JPLI1IN.RND.JS.LE.JPLI1RX.RND.INSNO(JS).NE.O) NOLINJ(KOBL.

IJS) =4
110 CONTINUE

IF (KS.LE.L2) IBRCK=JS
IF (KS.LE.L2.RND.IFRT.EO.0) IFRT=JS
IF (lOBO. NE. O. RND. NOLIN1 ((2. JS). GT. 1. RND. 15YI1. NE. 2) NOLIN1 (L2. JS)=

IS
IF (IOBO.NE.0.RND.NOLINJ(L2.JS).GT. 1.RND. ISYM. EO. 2. RND. ITOf. EO. 1)

INOLINJ(L2.JS)=S
IF (IOBO.NE.0.RND.NVECT.EO.2) NOLINl(I.JS)=S

120 CONTINUE
1111=IGRRPH( IFRn-
DO 130 116=I1M.IHIGH
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130 NOLIN1 (M6, IFRn=5
NN=IGRRPH(IBRCK)
DO 140 N6=NN,IHIGH

140 NOLIN1(N6,IBRCK)=5
IF (NVECT. NE. 2) GO TO 170
KFRT=KP2+1-IGRRPH( IFRn
KBCK=KP2+1-IGRRPH(IBRCK)
KLO=KP2+1-IHIGH
DO 150 M6=KLO,KFRT

150 NOL IN1(116, I FR n =5
DO 160 N6=KLO, KBCK

160 NOLIN1 (N6, IBRCK)=5
170 CONTINUE

IF (NCYCLE. GT. 1) GO TO 180
IF (MOVIE. L T. 5) GO TO 180
CRLL FRRI1EV (3)
IDUM=O
CRLL SYMBOL (2•• 5.,.30.TITLE.0.,30)

180 CONTINUE
PRINT 550. NCYCLE. T,DT
LSYM=-l

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C PLOTTING GRIDS
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

CRLL FRRMEV (3)
C ~~~~~~~~~~~~~~~~~~~~~~~~~K~~~~K~~~~~~~~~~~~~~~~~K~~~~~~~~~~~~~~~~~

C MRRGIN LINES RND LRBELLING
C ~K~~K~~KK~K~~~KK~~~~KK~~K~~~~~~~~~~~~~~~~~~~~~~~~~~~~KK~~••••••M.M

CRLL NXVOSB (l.lLOW.lHIGH, III I)
CRLL NXVOSB (2. XLOW. XHIGH.Ill J)
IF (IDET. EO. 1) GO TO 220
CRLL CHSIlV (2.2)
TUB=T~10.M~3

DO 190 KS=l, 5
IF (IHIST.GT.O.OR.ISPRT.GT.O) GO TO 210
CRLL CHSIlV (3.3)
CALL SYMBOL (3.8, 1.3•• 10. llHTlI1E (I1SEC).O•• l1)
DO 185 KW=1.15
XCD=2.+KWMO.70

185 CALL SYMBOL (XCD, 9. 3•. 2. TITLE(KW). 0•• 4)
CALL NUMBER (6.5.1.3•. 2. TUB.0.,4)
CALL SYMBOL (4.8.1. 0•• 1. 5HCYCLE. O• •5)
CYCLE=NCYCLE
CALL NUI1BER (5.8,1.0•• 1.CYCLE,0•• -1)
CALL CHSIlV (2.2)

190 CONTINUE
WRITE (6.540) TUB
CRLL SYMBOL (4.5. O. 22•. 12. 12Hl-AXIRL (CI1). O•• 12)
CRLL SYMBOL (, 45,4.5•. 12, 12HX-RRDIRL (CI1). 90•• 12)
IF (L/1. EO. 0) GO TO 200
CLI1=LIl
JCODE=3~(LIl-3)+1

CRLL SYMBOL (J. 75.9. O• • 12. TLRBEL (JCODD, 0.,4)
CALL SYMBOL (2.23.9.0, .12, TLABEL (JCODE+J). 0•• 4)
CRLL SYMBOL (2. 71.9.0, • 12. TLRBEL (JCODE+2). O• • 4)
F1=E1
F2=E2
IF (L1l. EO. 33. RND. IPTSF. EO. 2) F1=F1M10. MM(-8)
IF (LI1.EO.33.RND.IPTSF.EO.2) F2=F2M10.MM(-8)
IF (LI2.EO.1) F1=RLOG10(E1)
IF (LI2.EO.l) F2=RLOG10(E2)
CRLL NUI1BER (1.5.8. 75•• 12.F1.0•• 3)
CRLL SYM80L (2.3.8. 75•• 12. 2HTO. O• •2)
CRLL NUI1BER (3.1.8. 75•• 12.F2.0•• 3)
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IF (LI2.EQ.0) CRLL SYI1BOL (8.o,9.oo,.12,10H LINERR ,0.,10)
IF (LI2. NE. 0) CRLL SYI1BOL (8. DO, 9.0,.12, lOH LOGRRITHI1, 0.,10)

200 CONTINUE
DX=(lHIGH-ZLDlO/Jo.
DY=(XHIGH-XLDlO/Jo.
LX=2
LY=l

210 CONTINUE
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C I1IRROR II1RGE
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~MMM~~M~MMM~.~MMMMMMMMM

220 LSYI1=LSYI1+1
IF (LSYI1. EQ. D) GO TO 250
DO 230 JEK=JLOW.JHIGH
IF (JSYI1. EQ. J) ZGEQUEK)=-ZGRRPH(JEK)

230 CONTINUE
DO 240 IEK=ILOW,IHIGH
IF (JSYI1. EQ. 2) XGEQ(JEK)=-XGRRPH(JEK)

240 CONTINUE
250 CONTINUE

DO 260 KLLL=I,IHIGH
WRITE (6,470) (NOLINJ(KLLL.LJJJ),LJJJ=l, JHIGH)

260 CONTINUE
C M~~~~~~~~~~~~~~~~~~~M~MMMMMMMMM~MMMMMMMMMMMMMMMMMMMMM~MMM~M~MMMMMM

C HORIZONTRL GRIDS
C ~~~~~~~~~~~~~~~~~~~MM~MM~MMMM~M~M~MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM

ISEN=l
IF (LSYI1.EQ. J) ISEN=-l
DO 280 LJ=JLOW. JHIGH
IPP1=KP2+1-IGRRPH(LJ)
DO 280 LI=ILOW. IHIGH
IF (NOLINJ(LI.LJ).EQ. J) GO TO 280
ZG1=ZGRRPH(LJ)+DZ(LJ)/2.
XG1=XGRRPH(LI)-DR(LI)/2.MISEN
ZG2=ZGRRPH(LJ)-DZ(LJ)/2.
XG2=XGRRPH(LI)+DR(LI)/2.MISEN
CRLL NXVOSB (3.ZG1,T,I1J)
CRLL NXVOSB (4.XG1, T,112)
CRLL NXVOSB (3.ZG2. T,113)
CRLL NXVOSB (4, XG2, T,114)
IF (NVECT.EQ.2.RND.LI.EQ. IPPJ) CRLL LINEV (111,114,113,114)
IF (L I. LT. IHIGH) GO TO 270
CRLL LINEV (111,114,113.114)

270 CRLL LINEV (111,112,113,112)
280 CONTINUE

C M~M~~~~~~~~~~~M~~~~~~~M~MM~~~M~~~MM~M~MMMM~MMM~MM~MMMMM~~MMMMMM~MM

C VERTICRL GRID LINES
C ~~~~~~~~~~~~~~~~~~~~~~~M~M~~~M~MMMMMMM.MMMMMMMMMMMMMMMMMMMMMMMMMMM

DO 310 LJ=JLOW, JHIGH
DO 310 LI=ILOW,IHIGH
CRLL NXVOSB (3.ZGRRPH(LJ), T,I1XJ)
CRLL NXVOSB (4,XGRRPH(LJ), T,I1YJ)
IF (NOLIN2(LI,LJ).EQ. J) GO TO 290
XG1=XGRRPH(LI)-DR(LI)/2.~ISEN

ZG1=ZGRRPH(LJ)-DZ(LJ)/2.
XG2=XGRRPH(LI)+DR(LI)/2.MISEN
ZG2=ZGRRPH(LJ)+DZ(LJ)/2.
CRLL NXVOSB (3,ZG1, T,I1J)
CRLL NXVOSB (3,ZG2, T,113)
CRLL NXVOSB (4,XGl, T,112)
CRLL NXVOSB (4,XG2, T,114)
IF (LJ. EO. JHIGH) CRLL LINEV (,.,3, H2, H3, 114)
IPIC=O
IF (LJ.L r. JHIGH) IPIC=!
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IF (fPIC.Ea.l.RND. IGRRPH(LJ).NE. IGRRPH(LJ+l» CRLL LINEV (M3,M2,M3
I.M4)

CRLL LINEV (Ml.M2.Ml.M4)
290 CDNTINUE

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C VECTORS
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IF (fSC.Ea. -1. RND. LI3.Ea. 1. RND. LSYM. EQ. 0) GO TO 300
IF (fVEL. NE. J) GO TO 3DO
IF (MDO(LI.KPDEU.NE.O.DR.MDD(LJ.JPDEL).NE.O) GO TO 300
IF (NDLINJ(LI,LJ). GT. J) GO TO 300
lll=l.
ll2=1.
IF (LSYM.Ea. I.RND. ISYH.Ea. J) lll=-I.
IF (LSYH. ED. 1. RND. ISYH. ED. 2) ll2=-I.
IF (LSYH. ED. 1. RND. XGRRPH(L J). Ea. 0.) GO TD 300
lCDHP=ZVEL UL I, LJ)~RPV~ZZ1
XCDHP=XVEL T(L I, LJ)~RPV~ZZ2
IF (KLDG. NE. 0) XCDHP=RLDGI0(XVEL T(LI, LJ»~RPV~ZZ2
IF (KLDG. NE. 0) ZCDHP=RLDGI0(lVELT(LI,LJ»~RPV~Zll

SUH=RBS(ZCDHP) +RBS (XCDHP)
IF (SUH.LT.l.) GO TO 300
IXC=XCDHP
IZC=ZCDHP
IZC=HXI-IZC
IXC=HYI-IXC
CRLL LINEV (fZC.IXC,HXl,HYJ)
CRLL RRRDIl (HX1, HYJ, HI , H2, XCDHP, ZCDHP)

300 CDNTINUE
310 CDNTINUE

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C CDNTOUR HRPPING RND SHRDING
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~••••••~~~~

DD 390 LJ=JLDW,JHIGH
1511=-1
DD 390 LI=ILDW, IHIGH
1511=-1511
ZG1=ZGRRPH(LJ)-DZ(LJ)/2.
XG1=XGRRPH(LI)-DR(LI)/2.~/SEN

ZG2=ZGRRPH(LJ)+DZ(LJ)/2.
XG2=XGRRPH(LI)+DR(LI)/2••ISEN
IUP=2~NDLIN1(LI,LJ)-1

CRLL NXVDSB (3, ZG1, T, HJ)
CRLL NXVDSB (4,XG1, T,H2)
CRLL NXVDSB (3,ZG2, T,H3)
CRLL NXVDSB (4, XG2, T, H4)
IF (fSC.NE. -J) GO TO 320

C ~~~~~~~~~~~~~~~.~~~~••~~.~~~~~~~~~.~~~~~~~~~~~~.~~~~~.~~~••~••~~~.
C CDHPUTING X, Y, Z VRLUES DF CDNTOUR HRP.. ... CELL BE CELL
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~••••~•••••~••~••••~••~•••~~

IF (HDVIE.ED.0.RND.LI3.ED.0) GO TO 320
IF (HDVIE.ED.O.RND.LSYM.EQ.J) GO TO 320
IF (HDVIE.ED.3.RND.L/3.NE.0.RND.LSYM.EQ.J) GO TO 320
IF (NDLINJ(LI,LJ).GT.l) GO TO 320
XP(I,I)=Hl/102.3
XP(I,2)=Hl/102.3
XP(2,1)=H3/102.3
XP(2,2)=H3/102.3
YP(I.I)=H2/102.3
YP(2,1)=H2/102.3
YP(I,2)=H41102,3
YP(2,2)=H41102,3
1=1
J=1
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K=l
L=l
IF (LI.Ea.ILDW) 1=0
IF (LI.Ea.IHIGH) K=O
IF (LJ. EO. JLDW) J=O
IF (LJ. EO. JHIGH) L=O
TP(1,1 )=(SH(LI, LJ)+SH(L I -I, LJ)+SH(L I-I, LJ-J)+SH(L I, LJ-J))/4. JlfDEL TR

1+E1
TP(1, 2)=(SH(LI, LJ)+SH(L I +K, LJ)+SH(LI+K, LJ-J)+SH(LI, LJ-J))/4. JlfDEL TR

1+E1
TP(2, 1)=(SH(L I-I, LJ)+SH(L I -I, LJ+U+SH(LI, LJ)+SH(L I. LJ+U)/4. JlfDEL TR

1+E1
TP(2, 2) =(SH(L I, LJ)+SH(L I, LJ+L )+SH(L I +K. LJ)+SH(L I +K, LJ+L) )/4. JlfDEL TR

1+E1
CRLL LEVEL (TP,XP, YP,2,2,S,LL,200)

320 CDNTINUE
C JlfJlfJlfJl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JlfJl(JlfJlfJl(JI(JI(JlfJl(JI(JI(JI(JlfJl(JlfJlfJlfJlfJlfJl(JI(JIfJlfJlfJlfJlf

C DRRWING CELL DIRGONRLS
C Jl(JI(JlfJl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JlfJl(JI(JI(JlfJl(JI(JlfJlfJlfJl(JI(JI(JlfJlfJl(JlfJlfJlfJl(JIfJlfJlfJlfJlfJlfJIfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlf

IF (NDLINHLI,LJ).LT.2) GO TO 340
IF (NDLINHLI,LJ).Ea.3.DR.NDLINHLI.LJ).Ea.4) GO TO 340
DD 330 IBD=l,IUP
IF (IHIST.NE.O.DR.ISPRT.NE.O) ISW=O
IF (ISW.Ea.-1.DR.NDLIN1(LI,LJ).Ea.5) CRLL LINEV (/11,/12,/13,/14)
IF (ISW.Ea.+1.DR.NDLIN1(LI,LJ).Ea.5) CRLL LINEV (/13,/12,/11./14)

330 CDNTINUE
340 CDNTINUE

IF (IPDT. EO. 0) GO TO 380
IF (NDLINHLI,LJ).NE.4) GO TO 380

C Jl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JlfJl(JI(JlfJl(JI(JlfJl(JI(JlfJl(JI(JI(JI(JI(JI(JI(JI(JlfJlfJl(JI(JI(JlfJl(JlfJl(JlfJlfJl(JlfJlfJlfJlfJl(JlfJl(JIfJlfJlfJlfJl(JlfJl(JlfJlfJlfJl(JI(JIf
C NU/1BERING ELECTRDDE-PRIRS
C Jl(JlfJl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JlfJlfJlfJl(JlfJl(JlfJl(JI(JI(JI(JlfJlfJlfJl(JlfJlfJlfJl(JlfJlfJlfJlfJlfJlfJlfJlfJl(JIfJlfJlfJlfJlfJlfJlfJlfJlfJlfJl(JlfJl(JI(JI(JlfJl(JI(JlfJlfJl(JIf

PNUI1B=INSND(LJ)
350 IF (PNUI1B. L T.10.) GO TO 360

PNUHB=PNUI1B-10.
GO TO 350

360 CONTINUE
C111=H2
CH3=114
CHAR=(CI13-CH1)/160.
CHRR=RBS(CHRR)
/1N1=H1 + (H3-111)/10
I1N2=112+(114-/12)/10
I1N4=H4+(H2-114)/10
XH1=I1N1
XH2=I1N2
IF (LSYI1. EO. 1) X112=I1N4
XI11=XI11/102.3+0.20JlfCHAR
XI12=XI12/102.3+0.12J1fCHAR
DD 370 1115=1,6
IF (NDLIN1(LI,LJ).Ea.4) CRLL NUI1BER (XI11,XI12,CHRR,PNUI1B,0.,-1)

370 CDNTINUE
380 CDNTINUE

C JlfJl(JI(JlfJl(JlfJl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JlfJl(JI(JI(JI(JlfJlfJl(JlfJl(JI(JI(JI(JI(JI(JI(JI(JI(JlfJl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JlfJl(JI(JI(Jl(JI(JlfJlfJl(JI(JI(JI(JI(JI(JI(JIf
C JlfJl(JI(JlfJl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JlfJl(JI(JlfJl(JlfJl(JI(JI(JIfJlf SHADING JlfJl(JI(JI(JI(JI(JI(JI(JI(JlfJl(JlfJl(JlfJl(JI(JI(JI(JI(JI(JlfJlfJlfJl(JI(JI(JI(JI(JI(JIf
C Jl(JI(JlfJl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JlfJl(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JI(JlfJl(JlfJl(JI(JlfJlfJlfJl(JI(JI(JI(JlfJl(JI(JlfJlfJlfJlfJlfJlfJl(JI(JI(JI(JlfJl(

IF (I1DVIE. EO. 3) GO TO 390
IF (LI3.Ea.1.RND.LSY/1.Ea.0) GO TO 390
IF USC.NE. -1. DR.NDLINHLI.LJ). GT. J) GO TO 390
a=SH(L I. LJ)
IF (a.GT,10) 0=10.
IF (0. LT. 0.) 0=0.
10=0
If (LSY/1.EO.O) CRLL SHRDE (/11,,.,2,/13./14.10)

333

AE DC-TR-77-1 05

3520
3521
3522
3523
3524
3525
3526
3527
3528
3529
3530
3531
3532
3533
3534
3535
3536
3537
3538
3539
3540
3541
3542
3543
3544
3545
3546
3547
3548
3549
3550
3551
3552
3553
3554
3555
3556
3557
3558
3559
3560
3561
3562
3563
3564
3565
3566
3567
3568
3569
3570
3571
3572
3573
3574
3575
3576
3577
3578
3579
3580
3581
3582
3583



AE DC-T R-77-1 05

IF (LSYH. EQ. 1) CRLL SHRDE (H1, ,.,2, ,.,3, ,.,4, I(J)
390 CONTINUE

C wwwwwwwwwwwwWWWWWWWWMWWWWW.w••••••••MW••••••••MM.MMM.M.MMMM••MMMMM
C SHRDE LEGEND
C MM.M.MW•••••M.WW.MMW.MWMMMMMMMMMMMMMMMMMMMMMMMM.MMMMMMMMMMMWMMMMMM

IF (HOVIE.NE.O) GO TO 410
IF (ISC. NE. -1) GO TO 410
IF (LSYH. Ea. 1) GO TO 410
DO 400 J=1.10
CK=J-1
DEL TR=(E2-E1 )/10.
CN1=E1 +(J-1 )MDEL TR
CN2=CN1 +DEL TR
DD=2.MDR(1)
YB=XGRRPH(IHIGH)-DDM(J-1)
CRLL NXVOSB (4. YB. T.,.,2)
YB=H2/102.3
XR=ZGRRPH(1)-20.MDZ(1)
CRLL NXVOSB (3. XR. T. H1)
XR=f11/102.3
XB=XR+0.25
XC=XR+1.0
CRLL NUHBER (XR. YB. O. 1. CK. O. , -1 )
IF (Ll1.EO.14) CRLL NUHBER (XB. YB,0.1.CN1.0•• +4)
IF (Ll1.EO.14) CRLL NUHBER (XC, YB,0.1,CN2.0•• +4)
IF (LIl.NE.14) CRLL NUHBER (XB. YB.0.1,CN1.0.,+1)
IF (Ll1.NE.14) CRLL NUHBER (XC, YB.0.1.CN2.0.,+1)
XDD=ZGRRPH(l)-25.MDZ(l)
YD=XGRRPH(IHIGH)-DDM(J-1)-DD/4.
OZ=(J-l )w7
XD1=XDD+DD
YDl=YD+DD
CRLL NXVOSB (3.XD. T.HJ)
CRLL NXVOSB (3.XDl.T.H3)
CRLL NXVOSB (4. YD. T,H2)
CRLL NXVOSB (4. YD1. T.H4)
XXl=Hl/102.3
XX2=H3/102.3
YYl=H2/l02.3
YY2=H4/l02.3
CRLL PLOT (XXl. YY1.+3)
CRLL PLOT (XX2. YY1. +2)
CRLL PLOT (XX2. YY2. +2)
CRLL PLOT (XXl. YY2. +2)
CRLL PLOT (XX1. YY1.+2)
CRLL SHRDE (f11. H2. H3. H4. J)

400 CONTINUE
410 CONTINUE

IF (L 13. Ea. 1. RND. LSYH. Ea. 0) GO TO 420
IF (IPRRT. NE. 0) CRLL PRRTCL

420 IF (fSYH. Ea. 0) GO TO 430
IF (LSYH. Ea. 0) GO TO 220

430 IF (IDET. Ea. 2) CRLL LRBPLT
IF (fSC. NE. -1. OR. IDET. NE. 3) GO TO 460

C WW.MMMWMMWMMMWMMMMMMMMMMMMMWWMMMMMMMMMWWMMMMMMMMMWWWWMMWWMMMWMMMMM
C PUNCHED DUTPUT OF SH
C MMMMMMMWMMMMMMMMMMMMMMMMMMWMMMWMMMMMWMMMMMMMWMMMMMMMMMMMMMMMMMMMMW

PUNCH 480. IHIGH. JHIGH. NCYCLE. DZ(J ).DR(J ).ZGRRPH(J). XGRRPH(1). (TIT
lLE(1).1=1.8)

WRITE (6.490) IHIGH. JHIGH,NCYCLE. DZ(J).DR(J ).ZGRRPH(J).XGRRPH(1). (
1TITLE(J).1=1.8)
JCODE=3M(LI1-3)+1
PUNCH 500, E1.E2. TLRBEL(JCODE). TLRBEL(JCODE+J), TLRBEL(JCOOE+2)
WRITE (6.510) E1.E2. TLRBEL(JCODE), TLRBEL(JCODE+J). TLRBEL(JCODE+2)
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C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C PLOTS TIME RND SPRCE HISTORIES
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

DO 450 I=/LOW,IHIGH
DO 440 LJ=JLOW, JHIGH
LI=IHIGH+/LOW-I
I ZZ(LJ)=SH(L I, LJ)
IF (IZZCLJ). GT. 9) IZZCLJ)=9
IF (JZZ(LJ). L T. 0) I ZZ(LJ)=0

440 CONTINUE
PUNCH 520, (JZZ(J), J=l, JHIGH)
WRITE (6,530) (IZZ(J),J=l,JHIGH)

450 CONTINUE
460 CONTINUE

IF (IDET. Ea. 5) CRLL THREED
RETURN

C
C
C

470 FORMRT (lOX, 10011)
480 FORMRT (13, 13, 14,4E10.4, 7R4,R2)
490 FORMRT (lOX, 13,2X, 13,2X, 14, 4(lX,E12. 4), 7R4,R2)
500 FORMRT (2E10. 4, 3R4)
510 FORMRT (lOX, 2E10. 4, 5X, 3R4)
520 FORMRT (8011)
530 FORMRT (5X,8011)
540 FORMRT (lOX,l1HTIME(MSEO ,E12.4)
550 FORMRT (8X,16H NCYCLE, T,DT , 14, 2(lX, E12. 4))

END
SUBROUTINE LRBPL T (/L IP, ICODE, IPLOT, JPLOT, MDUI)

C

c

DIMENSION TLRBEL (102), TLOB( 102), IC(34), TLRB(3,3), SYMB(36)
COMMON ITPL TI TPL TMI, TPL TMR, TPL TOE, TPL TOL, TZERO, T
COMMON ICOUTPI TITLE(15), KPDEL, JPDEL, NPLOT, NPRN, NDIGPL, NGRRPH
COMMONIP1IXGRRPH(45), ZGRRPH(225), XVEL T(45,225), ZVEL T(45,225),

lSH(45, 225), DR(45), DZ(225), NOL IN1 (45, 225), NOL IN2(45, 225), /LOW,
1IHIGH, JLOW, JHIGH, XLOW, XHIGH, ZLOW, ZHIGH, ML (10), IDIM(10), NCYCLE, ISC,
2DMN(525),X (225), Y (225), IPLOW, IPHIGH, JPLOW, JPHIGH, XPT(50, 1J),

3YPT(50, 11)
COMMON IP21 L1,L2,L3,L4,MFRRME(10,2),IPRRRM,IRMIN(10),IRMRX(10),JR

1MIN(10),JRMRX(10),MPODE(10),IPRR(10),IKT,IKM,MFR,IPRRT, NPTS, KLOG
COMMON IP31 ZZ, LI1, L12, L13, L14, E1, E2, E3, E4, ISYM, KLJ, KL2, KL3, KL4,PL

10, IHMIN(20), IHMRX(20),JHMIN(20),JHMRX(20),MCODE(20),1HIST,ICHECK,M
20VIE,IDET,IVEL,RPV,ILINE,MZODE(20),IDN(3),ISPRT,IZMIN(20),IZMRX(20
3),JZMIN(20),JZMRX(20),DUMVRR(40),WW,IVX,IVZ,INUMM

DRTR SYMBl1HI, 1HJ, 1HR, 1HZ, 1H ,1H , 1HU, 1HV, 1HP, 1HE, 1HI, 1HC, 1HM, 1HR,
11HM, 1HB, 1HT, 1HT, 1HT, 1HT, 1HT, 1H , 1HV, 1HP, 1HS, 1HJ, 1HJ, 1HG, 1HN, 1HT, 1H
21,lH ,1H ,1H ,1H ,1H I

DRTR TVSI4H VS I

DRTR TLRBELI4H R-, 4HRRDI, 4HRL ,4H Z-, 4HRXIR, 4HL ,4H DE, 4HL TR
1-,4HR ,4H DE, 4HL TR-, 4HZ ,4H VEL, 4HOCIT, 4HY-Z ,4H VEL, 4HOCIT, 4
2HY-R ,4H PR, 4HESSU, 4HRE , 4HTOTR, 4HL EN, 4HERGY, 4H INT, 4HERNR, 4HL
3EN,4H SPE,4HED 5, 4HOUND, 4H MR,4HCH N,4HO ,4H D, 4HENSI, 4HTY ,
44H , 4HMRSS, 4H ,4H MR,4HGN I,4HND 0,4H ,4H TRR,411 ,4H
5 ,4H TZZ,4H ,4H ,4H TOO,4H ,4H ,4H TRZ,4H ,4H
6, 4HTIME, 4H ,4H ,4H aT ,4H ,4H VI, 4HSCOS, 4HITY , 4HMRGN, 4H
7 FLO,4H R , 4HMRGN, 4H FLO,4H Z ,4H CUR, 4HRENT, 4H-R ,4H CUR,4HREN
8T,4H-Z ,4H C, 4HPICV, 4H ,4H CON,4HO EL, 4HECTR, 4H ,4H ,4
9H , 4HTEHP, 4HERRT, 4HURE ,4HSP H,4HERT ,4HVOL ,41f PDT, 4HENTI, 4HRL
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AEDC-TR-77-105

C
C
C •••••••••~~••~~••••~.~~~•••~.~••~~~~~~•••~~•••~.~.~~~~~~.~~~~~~~~~
C PLOT TIME HISTORIES RND SPRTIRL DISTRIBUTIONS
C ~~~••••••~.~.~~.~.~~~••~•••~••••~.~~~~~~~~~.~~~.~.~~~~~~••~~~.~~~~

WRITE (6,160) CTITLE(I).1=1,15)
C ••~••••~~~.~.~.~.~~.~~~~~~~~~~.~.~~~~~~~.~~~~~~~~~~~~~~~~~~~~~~~~~
C DEFINING VRRIRBLES RND CELLS TO BE PLOTTED
C •••••••~~~~••~~~~~~~~~.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

CLl=KLl
CL2=KL2
CL3=KL3
CL4=KL 4
CIPLDT=/PLDT
CJPLDT=JPLDT
ICEX=O
CRLL CH51ZV (1,1)
DC=50.
JCODE=3~(ICDDE-3)+1

TLRB( 1,1 )=TLRBEL UCODEJ
TLRB(1, 2)=TLRBEL (JCDDE+1)
TLRB( 1, 3)=TLRBEL UCDDE+2)
TLRB(2, 1)=TVS
JZ=21
IF (MDIM.EO.1) JZ=3
IF (MDIM.EO.2) JZ=4
JZ=3.UZ-3) +1
TLRB(3, J)=TLRBEL (Jl)
TLRB(3, 2)=TLRBEL UZ+J)
TLRB(3, 3)=TLRBEL (JZ+2)
TLRB(2, 1)=TLDBUZ)
TLRB(2. 2)=TLOBUZ+1)
TLRB(2, 3)=TLOB(JZ+2)
IE=IC(/CDDE)
IF (ICDDE.EO.O) /E=O
DD 10 KG=l, ILIP
Y(KG)=Y(KG).10••~IE

10 CDNTINUE
CRLL CH51ZV (3,3)
IF (MDIM. NE. 1. RND. MDIM. NE. 2) GO TO 30
IF (MFR. EO. 1) GO TO 30
DO 20 KG=J,2
CRLL SYMBOL (7~ 1,.3, .1.19H 1= J= •• 0•• 19)
CRLL NUMBER (7.54 •• 3•• 1.CL1.0•• -1)
CRLL NUMBER (7.84•• 3•• 1.CL2.0•• -1)
CRLL NUMBER (B.44 •• 3•• 1.CL3.Q•• -1)
CRLL NUMBER (8.84,.3,.I,CL4,0.,-1)

20 CONTINUE

C

C

$ • 4HHRLL. 4H PRR. 4HMTER. 4H CON.4HD TH. 4HERML. 4H VOR, 4HTICI. 4HTY I

DRTR TLOBI4H .4H CM .4H .4H .4H CM .4H .4H .4H CM •
14H .4H .4H CM ,4H ,4H CM, 4HISEC, 4H ,4H CM, 4HISEC, 4H
2 ,4H , 4HRTMS, 4H .4H E, 4HRG/G, 4HM ,4H E, 4HRG/G, 4HM
3,4H CM, 4H/SEC, 4H ,4H ,4H -- ,4H ,4H G, 4HM/CM, 4H3 ,4H
4 ,4H GM ,4H ,4H G, 4HRU55, 4H ,4H DY, 4HNE/C, 4HM2 ,4H D
5Y, 4HNEIC, 4HM2 ,4H DY, 4HNEIC, 4HM2 .4H DY, 4HNEIC, 4HM2 ,4H ,4
6H 5EC,4H .4H ,4H SEC,4H .4H GM-, 4HCM/S, 4HEC ,4H G,4HRU
7S5,4H ,4H G, 4HRUS5. 4H • 4HRBCO, 4HL/CM, 4H/SEC, 4HRBCO, 4HL/CM,
84H/SEC.4H , 4H----, 4H .4H , 4H----, 4H ,4H ,4H ,4H
9 ,4H ,4HDEG ,4HK .4H , 4H----, 4H ,4H • 4HVOLT, 4HS
$,4H , 4H----, 4H ,4H , 4H----, 4H ,4H • 4H----, 4H I

DRTR IC/O,O.O,O,O,O,O,O.o,o,o,o,o,o,o,o,o,o,o,o,o,o,o,o,o,o.0,0,0,
10,0,0,0,0/
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TUB=TJ/(lO. J/(J/(3
CRLL SYHBOL (3.8,9.,.1, 11HTIHE (HSEC), O. ,11)
CRLL NUHBER (6.5,9.,.1, TUB,0.,5)
CRLL SYHBOL (4.2,8.65,. 1, 5HCYCLE, O• •5)
CYCLE=NCYCLE
CRLL NUHBER (5.2.8.65•• l,CYCLE,0•• -1)

30 CONTINUE
YB=10.J/(lK12
XL=lO. lKlK12

C lKlKlKlKlKlKlKlKlKlKlKlKlKlKJ/(lKlKlKlKlKlKlKlKJ/(lKlKlKlKlKlKlKlKlKlKlKlKJ/(lKlKlKJ/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(
C SERRCHING FOR HRXIHUH RND HINIHUH
C J/(lKlKJ/(lKJ/(J/(lKJ/(lKlKlKJ/(J/(J/(J/(lKJ/(lKlKJ/(J/(J/(J/(J/(J/(lKJ/(lKJ/(J/(J/(J/(J/(lKJ/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(

YT=-10.J/(J/(12
XR=-10.lKlK12

C lKJ/(J/(lKlKlKlKlKlKJ/(lKlKlKlKlKlKlKlKlKlKlKJ/(lKJ/(lKJ/(J/(lKJ/(J/(lKJ/(lKJ/(J/(J/(J/(lKJ/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(
C DETERHINING ORDER OF PLOTTING VRRIRBLES
C J/(J/(J/(lKlKlKJ/(J/(J/(J/(lKJ/(J/(J/(lKJ/(J/(J/(lKJ/(J/(J/(lKJ/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(

DO 40 J=l. ILIP
IF (X(J).LT.XL) XL=X(J)
IF (X(J).GT.XR) XR=X(J)
IF (Y(J). LT. YB) YB=Y(J)
IF (Y(J).GT.YT) YT=Y(J)

40 CONTINUE
C J/(J/(lKlKlKlKlKlKJ/(J/(lKlKlKlKlKlKlKlKlKlKJ/(lKlKJ/(lKlKlKJ/(J/(J/(lKlKlKlKlKJ/(lKlKJ/(J/(J/(lKlKlKJ/(J/(J/(J/(lKJ/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(lKJ/(
C SCRLING NUHBERS RND RE-WRITING IN EXPONENT FORH
C lKlKlKlKlKlKlKlKJ/(J/(lKlKlKlKJ/(J/(lKJ/(lKlKlKJ/(J/(J/(J/(lKJ/(J/(J/(lKJ/(J/(lKJ/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(lKJ/(J/(J/(J/(J/(J/(J/(J/(

YT=YB+(YT-YB)J/(1.2
IF (IHIST. EO. 0) XL=ILOW
IF (IHIST.EO.O) XR=IHIGH
YT=YT+l.5J/((YT-YB)
ICEX1=0
ICEX2=0
Wl=O.
W2=0.
W3=0.
W4=0.
XXLL =RBS(XL)
XXRR=ABS(XR)
YYBB=ABS(YB)
YYTT=ABS( YT)
IF (XR.GT.l.) Wl=ALOG10(XR)
IF (YT. GT.l.) W3=ALOG10(YT)
IF (XL.LT.-l.) W2=ALOG10(XXLL)
IF (YB.LT.-l.) W4=ALOG10(YYBB)
IF (XR.GT.-l •• ANO.XR.LT.l •• AND.XR.NE.O.) Wl=-ALOG10(1./XXRR)
IF (YT. GT. - J. •AND. YT. LT. J. •AND. YT. NE. 0.) W3=-ALOGl O(J. /YYTT)
IF (XL.GT.-l •• RND.XL.LT.l •• RND.XL.NE.O.) W2=-ALOG10(1./XXLL)
IF (YB. GT. -1 •• AND. YB. LT.l •• AND. YB. NE. 0.) W4=-ALOG10(J. /YYBB)
ICEX1=-Wl
ICEX2=-W3
IF (Wl.GT.0•• AND.W2.GT.0•• AND.W2.GT.Wl) ICEX1=-W2
IF (W3. GT. O• • AND. W4. GT. O• • AND. W4. GT. W3) ICEX2=-W4
IF (WJ.LT.0.AND.W2.LT.D.. RND.Wl.LT.W2) ICEX1=-W2
IF (W3.LT.0.AND.W4.LT.0•• RND.W3.LT.W4) ICEX2=-W4
YB=YBlK10.lKJ/(ICEX2
YT=YTJ/(10.J/(lKICEX2
XL=XLlK10. lKJ/(ICEXl
XR=XRlK10.lKJ/(ICEXl
DO 50 KG=l. ILIP
X(KG)=X(KG)J/(lD.J/(J/(ICEXl
Y(KG)=Y(KG)J/(10.J/(J/(ICEX2

50 CONTINUE
IE=IE+ICEX

C J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(J/(

337

AEDC-TR-77-105

3776
3777
3778
3779
3780
3781
3782
3783
3784
3785
3786
3787
3788
3789
3790
3791
3792
3793
3794
3795
3796
3797
3798
3799
3800
3801
3802
3803
3804
3805
3806
3807
3808
3809
3810
3811
3812
3813
3814
3815
3816
3817
3818
3819
3820
3821
3822
3823
3824
3825
3826
3827
3828
3829
3830
3831
3832
3833
3834
3835
3836
3837
3838
3839



AE DC-T R-77-1 05

C WARNING ABDUT VARIABLES DF CDNSTANT VALUE
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~••••MMMMMMMMM••••M

IF (XR. NE. XL. AND. VB. NE. YTJ GO TO 60
CALL SYI1BDL (3.,6.5,.1, 12HND CHANGE IN, 0.,12)
CALL SYI1BDL (5.2,6.5,.1, TLAB(J, 1), O. ,4)
CALL SYI1BDL (5.60,6.5,.1, TLAB(J, 2), O. ,4)
CALL SYI1BDL (6.00,6.5,.1. TLAB(J, 3), O. ,4)
IF ULEQ.21) CALL SYI1BDL (3.,5.,.1, 12HI= J=, O. , 12)
CALL NUI1BER (2.5,3.,.1, YB,0.,2)
CALL NUI1BER (5.0,3.,.1, YT,0.,2)
CALL SYI1BDL (B. ,3., .1, TLDBUCDDE>,O., 4)
CALL SYI1BDL (B.40,3.,.I,TLDB(JCDDE+1),0.,4)
CALL SYI1BDL (B. BO, 3.,.1, TLDB(JCDDE+2), 0.,4)
IF (JZ.EO.21) CALL NUI1BER (3.4,4.B.,I.CIPLDT.0•• -l)
IF (JZ.EO.21) CALL NUI1BER (4.2.4.B•• l.CJPLDT.0•• -l)

60 CDNTINUE
C ••••~••~••••••••~•••••••••••••••••••••••••••••••••••••••••••••••••
C SETTING UP INTERVALS
C ••••••••••••••••••••••••••••••••••••••••••M•••••••••••••••••••••••

IF (XR.EO.XL.DR. YB.EO. YTJ RETURN
DEL T=(XR-XU/I0.
CALL TRUN (DEL T, DEL TA)
II1=XL/DEL TA
CI1=II1
IF (XL. GT. 0.) XL=CI1.DEL TA
IF (XL. LT. 0.) XL=(CI1-1. ).DELTA
DX=DEL TA
DEL T=(YT- YB)/IO.
CALL TRUN (DEL T, DEL TA)
IF (DEL TA. EO. 0.) RETURN
111= YB/DEL TA
CI1=II1
IF (YB. GT. 0.) YB=CI1.DEL TA
IF (YB. LT. 0.) YB=(CI1-1. ).DEL TA
IF (XL.EO.XR.OR. YB.EO. YT> RETURN
DY=DELTA
CALL NXVDSB (1. XL. XR, -1)
CALL NXVOSB (2, VB. YT.-J)
CALL CHSIZV (3,3)
CALL DXDYV (1, XL, XR, DX, N, 1, NX. DC. IERR)
CALL DXDYV (2, VB, YT,DY,I1,J,NY.DC, IERR)
LX=2
LY=2

C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
C SETTING GRIDS
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

CALL SETGRD (XL.XR. YB. YT.DX,DY.LX.LY)
DO BO J=2. JL IP
111=0
112=0
113=0
114=0
CALL NXVOSB (3.X(J-J).A3.11J)
CALL NXVDSB (4. Y(J-J). A3. 112)
CALL NXVOSB (3.X(J).A3.113)
CALL NXVOSB (4. Y(J). A3. 114)
IF (111.EO.113) Y(J)=Y(J-I)
DO 70 LV=I.2
X3=113/102.3
X4=114/102.3
IF (I1FR. EO. 1. AND. HOD(J. 5). EO. 0) CALL SYHBOL (X3.X4, .1.SYHB([CODE).

10•• J)
CALL LINEV (Hl.H2.H3.H4)

70 CONTINUE
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80 CONTINUE
IF (ICODE. EO. 0) RETURN
DO 130 KX=1,2
WRITE (6,160) aITLE(J), 1=1,15)
DO 85 KW=1,/5
XCD=2. +KWJf(O. 70

85 CRLL SYI1BOL(XCD,9.5,.2, TlTLE(KW),0.,4)
C Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(
C PRINTING VRRIRBLE NRI1ES RND DII1ENSIONS
C Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(

DO 120 I1K=J,2
DO 110 K=J,3
JK=JCODE-1+K
C1=K-1
CX=C1Jf(.40+3.5
CY1=C1Jf(. 40+4.2
CY2=C1Jf(.40+5.2
Cl=C1Jf(.40+5.5
IF (11K. EO. 2) Cl=0.22
IF (I1FR. EO. 0) GO TO 100
ICl=22+(IKT-1)Jf(12
Cl=ICl
Cl=Cl/100.

100 IF (11K. EO. J) CRLL SYI1BOL (CX,. 3,.1, TLRB(3, K), 0.,4)
IF (11K. EO. J) CRLL SYI1BDL (Cl,. 3, .1, TLRB(2,K),0., 4)
IF (11K. EO. 2) CRLL SYI1BDL (Cl, CY1,.1, TLRBEL UK), 90. ,4)
IF (I1K.EO.2) CRLL SYI1BDL (Cl,CY2,.1,TLOBUK),90.,4)

110 CONTINUE
C Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(
C PRINTING ORDER OF VRRIRBLES (JST,2ND,3RD,ETC•• ) TO BE PLOTTED
C Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(

IX=32+( IKT-1 )Jf(12
IF (I1FR.EO.O) IX=50
CIX=IX
CIX=CIX/100.
IF(11K. EO. 2) CRLL SYI1BOL(CIX,5.5,.1,lHE,90.,J)
IF (11K. EO. 1) CRLL SYI1BDL (5.00,.2,.1,lHE,0.,1)
CDUI1B=10.Jf(Jf(ICEX2)
IF (11K. EO. 1) CRLL NUI1BER (5.25,.2,.I,CDUI1B,0.,-I)
CDUI1B=10.Jf(Jf(ICEX1)
IF (I1K.EO.2) CRLL NUI1BER (CIX,5.25,.I,CDUI1B,90.,-I)

120 CONTINUE
CRLL CHSIlV (3,3)

C Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(
C CELL IDENTIFICRTION
C Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(Jf(

IF (I1DII1.EO.l.0R.I1DII1.EO.2) GO TO 130
CRLL SYI1BOL (4. ,9., .1,21H 1= J= ,0. ,2J)
CRLL NUI1BER (4.48,9.,.I,CIPLOT,0.,-I)
CRLL NUI1BER (5.40,9.,.I,CJPLOT,0.,-I)

130 CONTINUE
IF (I1FR. EO. 0) GO TO 150
YK=BOO-IKTJf(20
IK=YK
CY=YK/102.3
DO 140 K=1,3
JK=ICDDE
JK=3Jf(JK-3)+K
CX1=K-l
CX2=CX1Jf(.40+8.
CRLL SYI1BOL (CX2, CY,.I, TLOB(JK), O. ,4)
CRLL SYI1BOL (9.4, CY,.l, SYI1B( ICODE), O. ,1)

140 CONTINUE
150 CONTINUE
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RETURN
C
C

16D FORHRT (2X,15R4)
END
SUBROUTINE SETGRD (XL. HORZ, YB, VERT, DX, DY, LX, LY)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C SETTING GRID FOR TIHE RND SPRCE HISTORIES
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

CRLL LINEV (lDDD, 1DD, lDD, 1DD)
CRLL LINEV (lDD, 1DD, 1DD, 1DDD)
NTX=(HORZ-XU/DX+l.
NTY=(VERT- YB)/DY+1.
XL RB(l )=XL

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C DEFINING LRBELS
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DO 1D I=2,NTX
lD XLRB(I)=XLRB(I-l)+DX

YLRB( 1)=YB
DO 2D 1=2, NTY

2D YLRB( J)= YLRB(J-J) +DY
DO 3D I=j, NTX
CRLL NXVOSB (3,XLRB(J), T,H1)

3D IRRSX(1)=111
DO 4D 1=1, NTY
CRLL NXVOSB (4, YLRB(J), T,H2)

4D IRRSY(J )=H2
IF (HFR. NE. D) GO TO 6D
DO 45 l=l,NTX,LX
CRLL LINEV (IRRSX(I),IDD,IRRSX(I),15D)

45 CONTINUE
DO 5D I=j, NTY, LY
CRLL LINEV (lDD,IRRSY([),15D,IRRSY(I))

5D CONTINUE
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C LRBELLING RBSCISSR
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~••~~.~~•••••~••••••••••~••••~•••

6D CONTINUE
LOX=LX
IF (NTX.GT.12) LOX=2
DO 7D 1=1, NTX, LOX
IRRSX(I)=IRRSX(I)-24
Xl=IRRSX(I)/lD2.3
Yl=70. /ID2. 3

3968
3969
3970
3971
3972
3973
3974
3975
3976
3977
3978
3979
3980
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3989
3990
3991
3992
3993
3994
3995
3996
3997
3998
3999
4000
4001
4002
4003
4004
4005
4006
4007
4008
4009
4010
4011
4012
4013
4014
4015
4016
4017
4018
4019
4020
4021
4022
4023
4024
4025
4026
4027
4028
4029
4030
4031

DIHENSION XLRB(5D), YLRB(5D), IRRSX(5D), IRRSY(5D)

COHHON /P1/ XGRRPH(25), ZGRRPH(5), XVEL T(25, 75), ZVELT(25, 75), SH(25,
175),DR(25),DZ05),NOLINJ(25, 75), NOLIN2(25, 75), ILOW, IHIGH, JLOW, JHIG
2H, XLOW, XHIGH, ZLOW, ZHIGH, HL (lD), HDIH( 1D), NCYCLE, ISC, DHN(525), XLF( 75
3), YLF(5), IPLOW, IPHIGH, JPLOW, JPHIGH,XPT(5D, 11), YPT(5D, 11)

COHHON /P2/ L1,L2,L3, L4,HFRRHE(lD, 2), IPRRRH,IRHIN(lD),IRHRX(lD),JR
lHIN(lD),JRHRX(lD),HPODE(lD), IPRR(lD), IKT, IKH,HFR, IPRR T, NPTS, KLOG

COHHON /P3/ ZZ,Ll1,LI2,LI3,LI4,E1,E2,E3,E4,ISYH,KL1,KL2,KL3,KL4,PL
10, IHHIN(2D), IHHRX(2D),JHHIN(2D),JHHRX(2D),HCODE(2D), 1HIST,ICHECK,H
20VIE,IDET, IVEL,RPV, ILINE,HZODE(2D), IDN(3), ISPRT, IZHIN(2D),IZHRX(2D
3), JZHIN(2D), JZHRX(2D),DUHVRR(4D), WW, IVX, IVZ,INUHH

C
C

C
C

340



CNB=0.12
NUHB=5
IF (IHIST.GT.O.OR.ISPAT.GT.O) NUHB=2
IF (IHIST. GT. O. OR./SPRT. GT. 0) CNB=0.08

70 CRLL NUHBER (Xl, Y1,CNB,XLRB(J),0. , NUHB)
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ww~~~~~~~~w~w~~~w~

C LRBELLING ORDINRTE
C ~~~~~~~~~~~~~~~~~~~wwww~ww~~~wwww~~.w.wwwwww.w.wwwww.wW.WWM••WW••W

DO 100 I=l,NTY,LY
ISIG=O
IF (JRRSY(J). GT. 430. AND.IRASY(J). LT. 640) ISIG=}
DO 100 IfIJ=1,2
X1=lD./102.3
Y1=IRRSY(I)/102.3
IF (HFR. NE. 0) GO TO 80
IF(ISIG.EQ;D) CALL NUHBER (Xl, Y1,.12, YLRB(I),O.,4)
IF (HFR. EQ. 0) GO TO 90

80 ICX=10
ICY=IRRSY(1)
ICX=ICX+12wIKT
Xl =ICX/102. 3
IF(ISIG.EQ.O) CRLL NUHBER (Xl, Y1,.12, YLAB(I),90.,2)

90 CONTINUE
100 CONTINUE

RETURN
C
C

END
SUBROUTINE NXVOSB (INXV, X}, X2, 11 )

C
C
C .~~~~~.~~•••~~.MM.M•••••W••••••M••W.MM.W.M.W.W.M.M•••••MWW••••W•••
C SETTING SCRLES
C ••~~~~~~••W••W.W~.M•••M~••W.MWW.~.W.wW.WWW.W.WM••W••W.MMW••WW.ww.w
C
C

GO TO (10,20,30,40), INXV
10 XHIN=X1

XHRX=X2
GO TO 50

20 YHIN=X1
YHRX=X2
GO TO 50

30 13=900-150
R3=I3
R4=150.
R1=(X1-XHIN)wR3/(XHRX-XHIN)+R4
Il=R1
GO TO 50

40 13=900-150
R3=I3
R4=15D
Rl=(Xl-YHIN).R3/(YHAX-YHIN)+R4
I1=R1

50 RETURN
END
SUBROUTINE TRUN (XIN, YOUT)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C TRUNCRTES R NUHBER
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C
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YOUT=O.
IF (XIN.EO.O.) RETURN
J=l
Y=RBS(XIN)
IF (Y.GT.1.) J=-l
1=0

10 1=1+1
IF (I. GT. 50) RETURN
JI=/ittJ
Y1=YJJt10. JJtJJtJI
IF (J.EO. -l.RND. Y1.GT. 1.) GO TO 10
IF (J.EO.1.RND. Y1.LT.1.) GO TO 10
IF (J.GT.O) ITRUNC=Y1
IF (J.LT.O) ITRUNC=Y1w10.
Y1=ITRUNC
IF (J.GT.O) IE=-JI
IF (J.LT.O) IE=-JI+J
YOUT=Y1JJtlO.JJtJJtIEJJtRBS(XIN)IXIN
RETURN
END
SUBRDUTINE RRRDW (JIC, IXc. HI, H2, XCDHP.ICOHP)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C DRRWS RRRDW FDR VECTOR PLOT
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

IF (ICDMP.EO.O.) ICDMP=10.JJtJJt(-6)
VR=RBS(XCDMPIICDMP)
VR=RTRN(VR)
IF (lCDMP. GT. 0.) THETR=SIGN(J., XCDHP ).VR
IF (ICDMP.LT.O.) THETR=3.1416-SIGN(1 •• XCOHP).VR
THETR1=THETR+150.1360.•6.28
THETR2=THETR+210.1360. •6.28
XCDDRD=Ml
YCDDRD=M2
X=IIC
Y=IXC
RCDMP=SORT(ICDMP••2+XCDMP••2)
RCDMP=RCDMPI2.
Xl=X+CDS(THETRl )JJtRCDMPI4.
X2=X+CDS(THETR2) JJtRCDMP14.
Yl=Y+SIN(THETR1)JJtRCDMPI4.
Y2= Y+SIN( THETR2)JJtRCDMP14.
IX1=Xl
IX2=X2
IY1=Yl
IY2=Y2
CRLL LINEV (IIC,IXC,IX1,IY1)
CRLL LINEV (IIC, IXC, IX2, IY2)
CRLL LINEV (lXI, IY1. IX2.IY2)
RETURN
END
SUBRDUTINE PRRTCL

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C DRRWS PRRTICLES
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COHHON ITPLTI TPLTHI. TPLTHR. TPLTOE. TPLTOL. TlERO. T
COHHON ICHESHI KHRX,JHRX,KP1,JP1,KP2.JP2
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COMMON/P1/R (45),Z (225), V (45,225),U (45,225),
lSH(45, 225),FR(45), FZ(225), NOLIN1 (45. 225),NOLIN2(45,225).ILOW,
1IHIGH. JLOW. JHIGH, XL OW, XHIGH, ZLOW, lHIGH.HL (10),HDIH(10), NCYCLE, ISC,
2DMN(525), XLF(225), YLF(225). IPLOW. IPHIGH, JPLOII. JPHIGH, XPT(50.11).
3YPT(5o.11 )

COMMON /P3/ lZ,LIl,LI2.LI3.LI4,E1.E2,E3,E4. ISYM.KLl.KL2,KL3.KL4.PL
10, IHMIN(20), IHMRX(2o),JHMIN(20).JHHRX(20),HCODE(20), I HIST.ICHECK.H
20VIE, IDET. I VEL. RPV. ILINE.MZODE(20). IDN(3). ISPRT.IZHIN(20), IZHRX(20
3),JlMIN(2o),JlHRX(20),DUHVRR(40).VII,IVX,IVZ,INUHH

DRTR Cia/D. /
C
C

Xl =l(J)
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~••••••••••••••~••••••••••••
C DETERHINING SllE OF POINT TO BE PLOTTED
C ~~~~~~~~.~~~•••~•••••~.~••••••••••••••••••••••••••••••••••••••••••

X2=Z(2)
CRLL NXVOSB (3,X1.S,Nxn
CRLL NXVOSB (3.X2.S.NX2)
NDIF=IRBS(NX2-NX1)
CPT=NDIF
CPT=CPT.1. 0/102. 3
IF (CPT. GT. 1•• DR. CPT. L T•• 01) CPT=0.25
DKT=l.
IF (ISYM.GT.o.RND.CKT.GT.o.) DKT=0.5
CKT=CKT+DKT
IKT=CKT
IF (IKT. Ea. 1) TLOV=TPL THI
DT=T-TLOW
TLOW=T

C ••~~~~~.~.~~JlfJlf~~JIf~JIf~~~~JIf.JIf.~~JIf.~.JlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlfJlf.JlfJlf.JIf• ••••••••••••

C DEFINING THE LOCRTION OF R NEil SET OF TRRCER PRRTICLES
C JlfJlfJlfJlfJlfJlfMJlfJlfJlfMJlfJlfJlfJlfJlf.JlfMJlfMJlfJlfJlf•••••" •••••••••••••••••••••••JIf••••••••••••.

IF (oT. LE. 0.) RETURN
IF (IKT. GT. NPTS) GO TO 20
K=o
DO 10 M=IPLOII.IPHIGH
DO 10 L=JPLOII, JPHIGH
IF (IPLOII. NE. IPHIGH) K=H
IF (JPLOW. NE. JPHIGH) K=L
XPT(K,IKTJ=Z(L)
YPT(K,IKTJ=R(H)

10 CONTINUE
KK=K

20 CONTINUE
C JlfJlfJlfJlfJlfJlfJlfJlfJlfJlf••••JIf••••~MJIf••••••••••••••••••••••••••••••••••••••••••••

C REDEFINING LOCRTION OF TRRCER PRRTICLES
C M••••MM••MM••••MMM••••••••••••••" ••••••••••••••M••••••••••••••••••

IF (IKT. GT. NPTS) IKT=NPTS
IF (IKT. GE. 10) IKT=10
DO 30 H=2.IKT
DO 30 Ll=IPLOW, IPHIGH
DO 30 L2=JPLOW, JPHIGH
IF (IPLOW. NE. IPHIGH) K=L 1
IF (JPLOW. NE. JPHIGH) K=L2
X=XPT(K,H)
Y=YPT(K,H)
XL=X
YL=Y
IF (fSYH.Ea. J) XL=RBS(XL)
IF (fSYH.Ea.2) YL=R8S(YL)
CRLL CELL (XL, YL, II, JJ)
JP=JJ+1
IF (X.LE.l(JJ).RND.JJ.GT.J) JP=JJ-J
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IP=II+1
RR=R(II)
IF (Y.LE.RR.RND.II.GT.1) IP=II-1
DI=I(JJ+l)-I(JJ)
DR=R(II+1)-R(II)
VEL1X=U(II.JJ)+(X-I(JJ))/DI~(U(IP.JJ)-U(II.JJ))

VEL2X=U(II.JP)+(X-I(JJ))IDI~(U(IP.JP)-U(II.JP))

VEL 1Y=V( II. JJ)+(Y-RR)IDR~(V( IP. JJ)-V( II. JJ))
VEL2Y=V(IP.JJ)+(Y-RR)IDR~(V(IP.JP)-V(IP.JJ))

XPT(K. H)=XPHK. H)+ (VEL 1X+ (X-I (JJ) )/DI~(VEL2X- VEL JX) ).OT
YPT(K. /1)= YPT(K. /1) +(VEL 1Y+(Y-RR) IDR.( VEL2Y- VEL 1Y) ).DT

30 CONTINUE
C ~~~~~~~~~~~~~~~~~~~~~.~~~~~~.~~•••••••••~~••~~.~••••••••••••••••••
C PLOTTING TRRCER PRRTICLES
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.~.~.~•••••••••••~•••••••••••••••••

I1LOW=JPLOW
IF (IPLOW. NE. IPHIGH) I1LOW=IPLOW
DO 40 H=I1LOW. KK
DO 40 J=2. IKT
X=XPT(H.J)
Y=YPT(H. J)
CRLL NXVOSB (3. X. S. NJ)
CRLL NXVOSB (4. Y. S. N2)
IF (X.GT.I(JP2).OR.X.LT.I(J).OR. Y.GT.R(KP2).oR. Y.LT.R(J)) GO TO 40
CRLL PLOTV (N1. N2. 44)

40 CONTINUE
RETURN

END
SUBROUTINE CELL (x. Y.II.JJ)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C SELECTS CELL CONTAINING PRRTICLES
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COHHONIP1IR (45).1 (225). XVEL H 45.225) •I VEL H 45.225).
lSH(45.225).DR(45).DI(225). NOLIN1(45.225).NOLIN2(45.225).ILO~

1IHIGH. JLOW. JHIGH. XLOW. XHIGH.ILOW.IHIGH.HL (10). HOIH( 10). NCYCLE. ISC.
2DHN(525). XLF(225). YLF(225). IPLOW. IPHIGH. JPLOW. JPHIGH. XPH50.11).
3YPH50.11 )

COHHON /P2/ L1.L2.L3.L4.HFRRHE(10.2). IPRRRH.IRHIN(10). IRHRX(10).JR
1HIN(10).JRHRX(10).HPODE(10).IPRR(10).IKT.IKH,HFR.IPRRT. NPTS. KLoG

COHHON IP3/ II.Ll1.LI2.LI3.LI4.E1.E2.E3.E4,ISYH.KL1,KL2,KL3,KL4,PL
lo.IHHIN(20).IHHRX(20),JHHIN(20).JHHRX(20),HCoDE(20).IHIST,ICHECK,H
20VIE. IOET. IVEL.RPV.ILINE.HIoDE(20).IDN(3),ISPRT,IIHIN(20),IIHRX(20
3). JIHIN(20),JIHRX(20),DUHVRR(40), WW, IVX, lVI, INUHH

COHHON /CHESH/ KHRX.JHRX.KP1,JP1,KP2,JP2
C
C

JLO=l
JHIG=JP2
JHID1=0

10 JI1ID=(JLD+JHIG)/2
IF (JHIDJ. EO. JI1ID) GO TO 20
JHID1=JMID
lX=I(JI1IO)
IF <ISYI1.EO.1) lX=RBS(lX)
IF (lX.GE.X) JHIG=JHIO
IF ax. LE. X) JLo=JHIO
JJ=JHIO
GO TO 10

20 IH101=0
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fLO=1
IHIG=KP2

30 IHID=(ILO+IHIG)/2
IF (IHIDI. EO. IHID) GO TD 40
IHIDI=IHID
RR=R(IHID)
IF (JSYH.EO.2) RR=RBS(RR)
IF (RR.GE. Y) IHIG=IHID
IF (RR. LE. Y) ILO=IHID
II=IHID
GO TD 30

40 CONTINUE
RETURN
END
SUBROUTINE SHROE (HI,H2,H3,H4,10)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C SHRDE DR GREY LEVEL SCRLING
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

OIHENSION IPRTO(16), IPRTJ (16), IPRT2(16), IPRT3(16), IPRT4(16),
I IPRT5(16), IPRT6(16), IPRT7(16), IPRT8(16), IPRT9(16)
DIHENSION XRRRRY(4), YRRRRY(4)
DRTR IPRTO/16JKZOOOO/
DRTR IPRTJ/7JKZOOOO,ZOI00,8JKZOOOO/
DRTR IPRT2/4JKZOOOO,Z0800, 7JKZOOOO,ZOOI0,3JKZOOOO/
DRTR IPRT3/3JKZOOOO, Z1010, 7JKZOOOO, Z1010, 4JKZOOOO/
DRTR IPRT4/2JKZOOOO,Z2020,3JKZOOOO,Z0202,3JKZOOOO,Z2020,3JKZOOO0,Z0202

I,ZOOOO/
DRTR IPRT5/2JKZOOOO,Z2222,ZOOOO,2JKZOOOO,Z2222,ZOOOO,2JKZOOOO,Z2222,

lZ0000,2)/(ZOOOO,Z2222,ZOOOO/
DRTR IPRT6/Z8888,ZOOOO,Z2222,ZOOOO,Z8888,ZOOOO,Z2222,ZOOOO,Z8888,

lZ0000,Z2222,ZOOOO,Z8888,ZOOOO,Z2222,ZOOOO/
DRTR IPRT7/ZRAAA, ZOOOO, Z5555, ZOOOO, ZRRRR, ZOOOO, Z5555, ZOOOO,

lZAARR,ZOOOO,Z5555,ZOOOO,ZRRAR,ZOOOO,Z5555,ZOOOO/
DATR IPRT8/ZARRR,Z5555,ZRRRR,Z5555,ZRRRR,Z5555,ZRRRR,Z5555,ZRRRR,Z

15555, ZRRAA,Z5555,ZARRR,Z5555. ZRRRR,Z5555/
DATR IPRT9/16JKZFFFF/
XRRRRY(I)=HI/102.3
XRRRR Y(2) =H3/102. 3
XRRRAY(3)=H3/102.3
XARRRY(4) =Hl/l02. 3
YARRRY(I)=H2/102.3
YRRRRY(2)=H2/102.3
YRRRRY(3) =H4/102. 3
YRRRAY(4) =H4/102. 3
10=10-1
IF(10.GT.9) 10=9
IF(10. EO. 0) CRLL TDNEW.• O. , IPRTO. -16)
IF(JO. EO. J) CALL TDNEW.• 0.• IPATl. -16)
IF(JO. EO. 2) CRLL TDNEW.• 0.• IPRT2. -16)
IF(JO. EO. 3) CALL TDNEW.• 0•• IPRT3. -16)
IF(10. EO. 4) CRLL TDNEW.• O• • IPRT4. -16)
IF(10. EO. 5) CRLL TDNEW., O• • IPRT5. -16)
IF(10. EO. 6) CALL TDNE(O.• O. • IPRT6. -16)
IF(10. EO. 7) CRLL TDNE(O•• O• • IPRT7. -16)
IF(10. EO. 8) CALL TDNE(O•• O• • IPRT8, -16)
IF(JO. EO. 9) CRLL TDNEW.• 0., IPRT9, -16)
CRLL TDNE(XRRRRY, YRRRRY. 4.1)
RETURN
END
SUBROUTINE LEVEL (T,X, Y,Il,JJ,S,LL,K'O
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c
c
c XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C CONTOUR PLOT DEVELOPED BY RRO. RRNOLD RFS. TENN.
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

DIHEN5ION T(J I, JJ), X(J I, JJ), Y( II. JJ)
DIHEN5ION 5(KK), LL(KK)

C
C

IHRX=II-l
JHRX=JJ-l
DO 48D J=I.JMRX
KR=O
IF «(J/2)JK2.EQ.J) KR=l
DO 480 1//=1, IHRX
1=//1
IF (KR.EQ.l) I=IMRX+I-I/1

C ESTRBLI5H QURDRILRTERRL TO BE SERRCHED
Xl=X(J,J)
X2=X(J+J.J)
X3=X(J +1, J+J)
X4=X(J,J+J)
Yl=Y(J,J)
Y2=Y(J+l.J)
Y3= Y( I +1, J+1)
Y4=Y(J.J+J)
TJ=T(J,J)
T2=T(J+l,J)
T3=T(1+1. J+l)
T4=T(1, J+l)
DO 480 H=I,KK
T150=:S(H)
L=LL (H)

SI=TJ50-TJ
S2=TISO-T2
S3=TI50-T3
S4=TJ50-T4
S12=SIJK52
S23=52JK53
S34=53JK54
541=S4JK51
K=1
IF (5J) 20,10,20

10 K=2
KL=1

20 IF (52) 40,30,40
30 K=K+l

KL=2
40 IF (53) 60.50.60
50 K=K+l

KL=3
60 IF (54) 80, 70,80
70 K=K+l

KL=4
80 GD TO (300,90,140,270,270), K
90 GO TO (J00,110, 120. 130), KL

100 CRLL POINT (523,534,52,53, T4, T3. T2, Xl. Yl. X2. Y2. X3. Y3. X4. Y4. U
GO TO 480

110 CRLL POINT (534.541.53.54. TI. T4. T3.X2. Y2.X3. Y3.X4. Y4.Xl. Yl.L)
GO TO 480

120 CRLL POINT (541.512.54.51. T2. TI. T4.X3. Y3.X4. Y4.Xl. Yl.X2. Y2.L)
GO TO 480
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130 CRLL POINT (512,523,51,52, T3, T2, TJ,X4, '14, Xl. Y1,X2, Y2.X3. Y3,L)
GO TO 480

140 KLL =KL -1
GO TO (150,170,200), KLL

150 CRLL DRRW (L.X1, Y1,X2, '12)
IF (534. L T. 0.) GO TO 160
GO TO 480

160 TP=53/(T4-T3)
PX1=X3+TPJI((X4-X3)
PY1=Y3+ TPJI((Y4-Y3)
PX2= TPJI((XI-X2) +X2
PY2= TPJI(( '11- '12)+ '12
GO TO 470

170 IF (52. EO. 0.) GO TO 180
CRLL DRRW (L.XI, Y1,X3. '(3)
GO TO 480

180 CRLL DRRW (LX3, Y3,X2, '(2)
IF (541.LT.0.) GO TO 190
GO TO 480

190 TP=54/(T1-T4)
PX1=X4+TPJI((X1-X4)
PY1 ='14+ TPJI(( '11- '14)
PX2=TPJI((X2-X3)+X3
PY2= TPJI(( '12- '13) + '13
GO TO 470

200 IF (52) 220,210,220
210 CRLL DRRW (L. X2. '12, X4. '(4)

GO TO 480
220 IF (53) 250,230,250
230 IF (J.EO.JHRX) CRLL DRRII (L.X3, Y3,X4. Y4)

IF (512) 240,480,240
240 TP=51/(T2-TJ)

PX1=X1+TPJI((X2-X1)
PY1 =Y1 +TPJI(( Y2- '11)
PX2= TPJI((X3-X4) +X4
PY2=TPJI((Y3- Y4)+ Y4
GO TO 470

250 IF (J. EO. J) CRLL DRR/tl (L Xl. Y1, X4. '14)
IF (523) 260,480,480

260 TP=52/(T3-T2)
PX1=X2+ TPJI((X3-X2)
PY1='12+ TPJI(( Y3- '12)
PX2=TPJI((X4-X1)+Xl
PY2=TPJI((Y4-Y1)+ 'II
GO TO 470

270 IF (52. NE. O. 0) GO TO 280
IF (51.EO.0.0) CRLL DRR/tl (L,X2, Y2,X1, Y1)
IF (53. EO. O. 0) CRLL DRRW (L. X2, Y2, X3, Y3)

280 IF (J. NE. JHRX) GO TO 290
IF (54. NE. O. 0) GO TO 480
IF (53.EO.0.0) CRLL DRRII (L.X4, Y4,X3, '13)

290 IF (J. NE. J) GO TO 480
IF (51.EO.0.0) CRLL ORRII (L,X4.Y4.X1. 'II)
GO TO 480

C 5ERRCH Pl-P2
300 K=O

IF (512) 310,320,320
310 TP=51/(T2-TJ)

K=l
PX1=X1+TPJI((X2-Xl)
PY1=Y1+TPJI((Y2- Y1)

C 5ERRCH P2-P3
320 IF (523) 330,360,360
330 TP=52/(T3-T2)
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IF (K) 340.350.340
C CHECK FOR QURDRILRTERRL WITH 4 INTERSECTIONS

340 IF (534.LT.0.0.RND.S41.LT.0.0) GO TO 430
PX2=X2+TPJH(X3-X2)
PY2= Y2+ TPJH (Y3- Y2)
GO TO 470

350 K=K+1
PX1=X2+TPJH(X3-X2)
PY1=Y2+ TPJH( Y3- Y2)

C 5ERRCH P3-P4
360 IF (534) 370.400.400
370 TP=53/(T4-T3)

XP=X4-X3
YP=Y4-Y3
IF (K) 380.390.380

380 PY2=Y3+ TPJHYP
PX2=X3+TPJHXP
GO TO 470

390 K=K+1
PY1=Y3+TPJHYP
PX1=X3+TPJHXP

C SERRCH P4-P1
400 IF (541) 410.480.480
410 IF (K) 420.480.420
420 TP=54/(T1 - T4)

PX2=X4+TPJH(X1-X4)
PY2=Y4+ TPJH( Yl- Y4)
GO TO 470

430 TP=53/(T4-T3)
PX2=X3+TPJH(X4-X3)
IF ((PX1-Xl)/(X2-Xl)-(PX2-X4)/(X3-X4» 440.450.460

440 TP=54/(TJ-T4)
PX2=X4+TPJH(Xl-X4)
PY2=Y4+TPJH(Yl- Y4)
CRLL DRRW (LPX1.PY1.PX2.PY2)
TP=S2/(T3-T2)
PX1=X2+TPJH(X3-X2)
PY1=Y2+ TPJH( Y3- Y2)
TP=53/(T4-T3)
PX2=X3+TPJH(X4-X3)
PY2=Y3+ TPJH(Y4-Y3)
GO TO 470

450 PY2=Y3+TPJH(Y4-Y3)
CRLL DRRW (LPXJ.PY1.PX2.PY2)
TP=52/(T3- T2)
PX1=X2+TPJH(X3-X2)
PY1=Y2+ TPJH(Y3-Y2)
TP=54/( TJ - T4)
PX2=X4+TPJH(Xl-X4)
PY2=Y4+ TPJH(Yl- Y4)
GO TO 470

460 TP=52/(T3-T2)
PX2=X2+TPJH(X3-X2)
PY2= Y2+ TPJH ( Y3- Y2)
CRLL DRRW (LPX1.PY1.PX2.PY2)
TP=S3/(T4-T3)
PX1=X3+TPJH(X4-X3)
PY1=Y3+ TPJH(Y4-Y3)
TP=54/( TJ-T4)
PX2=X4+TPJH(X1-X4)
PY2=Y4+ TPM( Y1- Y4)

470 CRLL DRRW <L.PX1.PY1.PX2.PY2)
480 CaNTI NUE

RETURN
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END
SUBROUTINE POINT (523,534,52,53, T4, T3, T2, Xl, YJ, X2, Y2, X3, Y3, X4, Y4, L

J)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C SETTING UP CONTOURS
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

KT=l
IF (523) 10,20,20

10 KT=2
TP=S2/(T3- T2)
PX1=X2+TPJI(X3-X2)
PYl =Y2+TPJI(Y3-Y2)

20 IF (S34) 30,40,40
30 TP=S3/(T4-T3)

KT=KT+2
40 GO TO (90,60,50, 70), KT
50 PXl=X3+TPJI(X4-X3)

PYl=Y3+ TPJI(Y4- Y3)
60 PX2=Xl

PY2=Yl
GO TO 80

70 PX2=X3+TPJI(X4-X3)
PY2=Y3+ TPJI( Y4- Y3)

80 CRLL DRRW (L,PXl,PY1,PX2,PY2)
90 RETURN

END
SUBROUTINE DRRW (L,PXl,PY1,PX2,PY2)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C DRRWS CONTOUR
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COHHON /HOVE/ XX(4), YY(4)
C
C

Il=PXlJl(l02.3
I2=PYlJl(l02.3
I3=PX2J1(l02.3
I4=P Y2J1(l 02. 3
CRLL LINEV (11,/2,13,14)
RETURN
END
SUBROUTINE THREED

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C SETS UP THREE-DIHENSIONRL PLOTS
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

COHHON/P1/XGRRPH(45), ZGRRPH(225), XVEL T(45,225), ZVEL T(45,225),
lSH(45, 225),DR(45), DZ(225), NOLIN1(45,225),NOLIN2(45,225),ILOW,
1IHIGH, JLOW, JHIGH, XLOW,XHIGH, ZLOW, ZHIGH,HL (10),HDIH( 10), NCYCLE, ISC,
2DHN(525), XLF(225), YLF(225), IPLOW, IPHIGH, JPLOW, JPHIGH, XPT<50, 11),
3YPT(50, 11)

COHHON /P2/ L1 ,L2,L3,L4,HFRRHE(10,2), IPRRRH, IRHIN(10), IRHRX(10), JR
lMIN(10),JRMRX(10),MPODE(10),IPRR(10),IKT,IKM,MFR,IPRRT, NPTS, KLOG

COMMON /P3/ 11,LIJ,LI2,LI3,LI4,EJ,E2,E3,E4,ISYM,KLJ,KL2,KL3,KL4,PL
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10, IHHIN(20), IHHRX(20),JHHIN(20),JHHRX(20),HCODE(20), IHIST,ICHECK,M
20VIE,IDET,IVEL,RPV,ILINE,HZODE(20),IDN(3),ISPRT,IZMIN(20),llMRX(20
3),JZHIN(20),JZHRX(20),DUHVRR(40),WW,IVX,IVZ,INUHH

COHHON /P4/ HRSK(2000), VERTEX(J6),XG(45),lG(225), YY(225),XXG(225),
lZSHW1,00})

C
C
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C SETS UP "X, Y, Z" DRTR FOR TWO INDI VIDVRL 3-D PLOT PRCKRGES
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

ID3=1
IHIGH=IHIGH+1
JHIGH=JHIGH+ 1
NRR=IHIGH
NCR=JHIGH
10PT=0
ICROSS=l
X1=1
X2=NRR+1
Y1=1
Y2=NCR+1
SCL=0.5

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C PRCKRGE "ONE"
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

CRLL FRRHEV (3)
XO=5.
YO=12.
CNl=45.
CN2=225.
DO 10 J=1. JHIGH
IF (J.GT.l) ZGG=ZGRRPH(J-l)+DZ(J-1)/2.
IF (J. EQ.}) ZGG=ZGRRPH(J)-DZ(J)/2.
CRLL NXVOSB (3, ZGG, T, H})
ZG(J)=(Hl-150)/102.3+1.

10 CONTINUE
DO 20 I=l,IHIGH
IF (I.GT.l) XGG=XGRRPH(I-1)+DR(I-l)/2.
IF (I.EQ.l) XGG=XGRRPH(I)-DR(I)/2.
CRLL NXVOSB (4, XGG, T, H})
XG(I)=(Hl-150)/102.3+1.

20 CONTINUE
KPH=IHIGH

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C CROSS-HRTCH LINES RUNNING IN ONE DIRECTION
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DO 40 NLINE=1.KPH
NLIN=NLINE
XX=XG(NLINE)
DO 30 NJ=l,JHIGH
H=NLIN
N=NJ
HHl=H-l
NHl=N-l
IF (H.EQ.1) HHl=H
IF (N.EQ.l) NHl=N
IF (H. EQ. IHIGH) H=HHl
IF (N. EQ. JHIGH) N=NHI
YY(NJ)=l.
NPP=O
IF (NOL INJ(H, N) . GT. L OR. NOL INJ(HH1, N) . GT. 1, OR. NOL INJ(MM1, NH1). GT. 1

J.OR.NOLINl(M,NHJ).GT.1) NPP=J
IF (NPP.EQ.O) YY(NJ)=(SH(M,N)+SH(MHl,N)+SH(MMJ,NM1)+SH(M,NM1))/4.~

lSCL+1.
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30 CONTINUE
CALL PLOT30 (0011. XX. YY.ZG.0•• 1.• 1.• NLINE.JHIGH.CN1.CN2,XO. YO. 10.,

1MASK. 0)
40 CONTINUE

C MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM
C CROSS-HATCH LINES RUNNING IN THE OTHER DIRECTION
C MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM

DO 60 NLINE=l.JHIGH
ZZ=ZG(NLINE)
DO 50 NI=l.KPH
NLIN=NI
M=NI
N=NLINE
MM1=M-1
NM1=N-1
IF (M.EO.1) MM1=M
IF (N.EO.1) NM1=N
IF (M.EO.IHIGH) M=MM1
IF (N.EO.JHIGH) N=NM1
YY(NI )=1.
NPP=O
IF (NOLINUM,N). GT. 1. OR. NOLINUMM1.N). GT.1. DR. NOLINUMM1 ,NM1). GT.1

1.0R.NOLINUM.NM1).GT.1) NPP=l
IF (NPP.EO.O) YY(NI)=(SH(M,N)+SH(MM1,N)+SH(MM1.NM1)+SH(M.NM1))/4.M

lSCL+1.
C ZSH(NI. NL INE)=YY(Nf)

50 CONTINUE
CALL PLOT3D (1110.XG,YY.ZZ.1 .• 1.• 0.,NLINE.KPH,CN1.CN2.XO. YO.10•• MA

15K. VERTEX)
60 CONTINUE

CALL FRAMER (3. VERTEX. MASK)
IHIGH=IHIGH-1
JHIGH=JHIGH-}

C MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM
C PACKAGE "TWO"
C MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM

IF (103. EO. 1) RETURN
IVIEW=l
CALL PLTMTX (ZSH. NRA.NCA, I VIEW. IOPT. ICROSS,Xl, X2. Y1. Y2)
RETURN
END
SUBROUTINE PLOT3D (JVXYZ.XDATA, YDATA.ZDATA.XSCALE. YSCALE.ZSCALE.NL

lINE. NPNTS. PHI. THETA. XREF, YREF. XLENTH, MASK. VERTEX)
C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C 3-D PLOT ROUTINE DEVELOPED BY THE U OF TEXAS. MATH DEPT.
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

INTEGER HIGH. OLDHI. OLDLOW
DIMENSION XDATA(1). YDATA(J), ZDATA(1). MASK(1). VERTEX(J)
DATA INI T. JVXYZ. SPHI, STHETA/-1, -1, -1. OE70, -1. OE70/

C
C

IF (NL INE. EO. 0) GO TO 640
IF (NLINE. NE.1) GO TO 20
PIPI=100.0
NYPI=1090
J=NYPI+100
CRLL PLOT (0.0,0.0.-3)
LIMI TX=XLEN THMPIP1+0.5
J=L IMI TX+L IMI TX
00 10 K=l,1
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MASKOO=INIT
10 CONTINUE

INIT=-l
INCI=-l
1=0

20 IF UVXYZ. Ea. IVXYZ) GO TO 70
JVXYZ= I VXYZ
INDZ=l
INDY=l
INDX=l
INDV=l
IF (JVXYZ. LT. 1000) GO TO 30
INDV=2
JVXYZ=JVXYZ-1000

30 IF UVXYZ. LT. 100) GO TO 40
INDX=2
JVXYZ=JVXYZ-100

40 IF (JVXYZ. LT.10) GO TO 50
INDY=2
JVXYZ=JVXYZ-10

50 IF (JVXYZ. LT.1) GO TO 60
INDZ=2

60 JVXYZ= I VXYZ
70 IF (PHI.Ea.SPHI.AND. THETR.Ea.STHETR) GO TO 80

SPHI=SIN(. D174533J1(PHI)
CPHI=COS(. 0174533J1(PHI)
STHETA=SIN(. 0174533JKTHETR)
CTHETR=CDS(, 0174533JKTHETR)
R11=CPHI
R13=-SPHI
R21=STHETRJI(SPHI
R22=CTHETA
R23=STHETRJKCPHI
SPHI=PHI
STHETA=THETR

80 INCI=-INCI
IF (I. NE. 0) I=NPNTS+1
DO 620 K=l,NPNTS
I=I+INCI
GO TO (90,100), INDX

90 X=XDATA(1)+(1-1 )JKXSCRLE
GO TO 110

100 X=XDATR( I )JKXSCRLE
110 GO TO (120,130), INDY
120 Y=YDATR(l )+(J-J)JI(YSCRLE

GO TO 140
130 Y=YDATR( J)JKYSCRLE
140 GO TO (l50,160), INDZ
150 Z=ZDRTR(1)+(NLINE-1 )JKlSCRLE

GO TO 170
160 Z=ZDATR( I )JKZSCRLE
170 XXX=A11JKX+A13J1(Z+XREF

XX=XXX
IF (XX) 180,190,190

180 IX=IFIX(XXJKPIPI-0.5)
GO TO 200

190 IX= IFIX(XXJI(PIPI +0. 5)
200 CONTINUE

YYY=R21J1(X+R23JKZ+YREF
YY= YYY+R22JK Y
IF (YY) 210,220,220

210 IY=/FIX(YYJKPIPI-0.5)
GO TO 230

220 lY=lflX(Y'/JKPIPl.,.0.5)
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230 CDNTINUE
IF (IX.LE.O) IX=l
IF (IX.GT.LIHITX) IX=LIHITX
IF (fY.LT.10) IY=10
IF (fY.GT.NYPI) IY=NYPI
IF (K.NE.1) GO TD 310
LDW=IX+IX
HIGH=LDW-1
HLDW=HRSK(LDW)
HHIGH=HRSK(HIGH)
IF (HHIGH-IY) 260.270.240

240 IF (HLDW-I'() 250.290.280
250 LDCDLD=O

GO TO 300
260 HRSK(HIGH)=IY

IF (HLDW. Ea. -1) H"RSI((LDlrO=/Y
270 LDCDLD=+1

GO TO 300
280 HRSK(LDW)=IY
290 LDCDLD=-l
300 G1=IX/100.

G2=IY/100.
CRU PLDT (G1. G2. 3)
JX=IX
JY=IY
IYREF=IY
IF (INDV. Ea. 1) GO TO 620
INDEX=INCI+6
VERTEX( INDEX)=XX
VERTEX( INDEX+1 )=YY
VERTEX( INDEX+8)=XXX
VERTEX(INDEX+9)=YYY
IF (NL INE. NE. J) GO TO 620
VERTEX(J )=XX
VERTEX(2)=YY
VER TEX(9) =XXX
VERTEX ( 10)=YYY
GO TO 620

310 IF (IX. NE. JX)GO TO 320
JY=IY
GO TO 370

320 YINC=FLDRT(IY-JY)/RBS(FLDRT(IX-JX))
INCX=(IX-JX)/IRBS(IX-JX)
YJ=JY

330 JX=JX+INCX
YJ=YJ+YINC
IF (YJ) 340.350.350

340 JY=IFIX(YJ-0.5)
GO TO 360

350 JY=IFIX(YJ+0.5)
360 CDNTINUE

LDW=JX+JX
HIGH=LDW-1
HLDW=HRSK(LDW)
HHIGH=HRSK(HIGH)

370 IF (HHIGH-JY) 390.390.380
380 IF (HLDW-JY) 400.410.410
390 LDC=+l

IF (LDCDLD) 450.460.520
400 LDC=O

IF CLDCDLD) 430.440,420
410 LDC=-l

IF CLDCDLD) 600,540,530
420 G1=JX/100.
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G2=HHIGH/100.
IF (HHIGH.LE.IYREFJ CRLL PLOT (Gl.G2.2)
GO TO 440

430 G2=HLOW/l00.
IF (HHIGH. GE. IYREFJ CRLL PLOT (Gl. G2. 2)

440 Gl=JX/100.
G2=JY/l 00.
CRLL PLOT (Gl, G2. 3)
GO TO 610

450 IF (HLOW-IYREF) 460,470.470
460 IF (HHIGH-IYREFJ 490.480.480
470 Gl=JX/100.

G2=HLOW/100.
CRLL PLOT (Gl, G2. 2)

480 Gl=JX/100.
G2=HHI GH/100.
CRLL PLOT (Gl. G2. 3)
GO TO 520

490 IF (HHIGH.EO.-J) GO TO 520
OLDHI=HIGH-2~INCX

IF (HRSK(OLDHI)-JY) 510.510.500
500 Gl=JX/100.

G2=JY/100.
CRLL PLOT (Gl. G2, 3)
GO TO 520

510 Gl=(JX-INCX)/lOO.
G2=HRSKWLDHI )/100.
CRLL PLDT (Gl. G2. 3)

520 HRSK(HIGH)=JY
IF (HLOW.EO. -J) HRSK(LOW)=JY
Gl=JX/100.
G2=JY/100.
CRLL PLOT (Gl.G2.2)
GO TO 610

530 IF (HHIGH-IYREFJ 550.550.540
540 IF (HLOW-IYREFJ 560.560.570
550 Gl=JX/100.

G2=HHIGH/100.
CRLL PLOT (GJ.G2,2)

560 Gl=JX/100.
G2=HLOW/100.
CRLL PLOT (Gl. G2, 3)
GO TO 600

570 OLDLOW=LOW-2~INCX

IF (HRSKWLDLOW)-JY) 580.590.590
580 Gl=JX/100.

G2=JY/100.
CRLL PLOT (Gl. G2. 3)
GO TO 600

590 Gl=(JX-INCX)/lOO.
G2=HRSK(OLDLOW)/l 00.
CRLL PLOT (Gl. G2. 3)

600 HRSK(LOW)=JY
Gl=JX/100.
G2=JY/100.
CRLL PLOT (Gl.G2,2)

610 IYREF=JY
LOCOLD=LOC
IF UX.NE.IX) GO TO 330

620 CONTINUE
Gl=JX/100.
G2=JY/100.
CRLL PLOT (Gl. G2. 3)
IF (INDV. EO. 1) GO' TO 630
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INDEX=-INCI+6
VERTEX( INDEX)=XX
VERTEX( INDEX+1 )=YY
VERTEX( INDEX+B)=XXX
VER TEX(INDEX+9)=YYY
IF (NL INE. NE. 1) GO TO 630
VERTEX(3)=XX
VERTEX(4)=YY
VERTEX( 11 )=XXX
VERTEX( 12)=YYY

630 1=1-1
RETURN

640 INIT=O
RETURN
END
SUBRDUTINE FRRMER (fHCDR, VERTEX,MRS!O

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C DRRWS FRRME RBOUT 3-D PLOT
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C

DIMENSION VERTEX( J), HRSK( J), RRRRY(J4)
I=2JKIHCOR
IF (f.LT.2) 1=2
IF (f. GT. B) 1=8
RRRRY(1)=VERTEX(1-1)
RRRRY(8)=VERTEX(I)
RRRRY(2)=VERTEX(1+ 7)
RRRRY(9)=VER TEX( 1+B)
RRRRY(4)=RRRRY(2)
RRRRY(11)=RRRRY(9)
RRRRY(6)=RRRRY(2)
RRRRY(13)=RRRRY(9)
RRRRY(7)=RRRRY(1)
RRRRY(14)=RRRRY(B)
1=1-2
IF (f. EO. D) 1=8
RRRRY(3)=VERTEX( 1+7)
RRRRY(10)=VERTEX(I+B)
1=1+4
IF (I.GT.B) I=I-B
RRRRY(S)=VERTEX( 1+7)
RRRRY(12)=VERTEX(1+8)
CRLL PLOT30 (110,RRRRY,RRRRY(B),0.0,1.0,1.0,0.0,2, 7,0.0,0.0.0.0.0.

10,0. O. MRSK. 0)
CRLL PLOT (VERTEX(f-J). VERTEX( J). 3)
1=1-2
DO 10 J=1. 3
1=1+2
IF (f. EO. 10) 1=2
CRLL PLOT (VERTEX(f+7). VERTEX(f+B),2)

10 CONTINUE
CRLL PLOT (VERTEX(f-J). VERTEX(J).2)
1=1-2
IF (f. EO. 0) I=B
CRLL PLOT (VERTEX(J-J). VERTEX(J).3)
CRLL PLOT (VERTEX(f+7). VERTEX(J+8),2)
RETURN
END
SUBROUTINE PLTMTX (R,NRR.NCR. IV/EW. IOPT.ICROSS.X1.X2. Y1. Y2)

C
C THIS IS R 3-0 PLOT PRCKRGE(2NO) DEVELOPED BY ROTC. EGLIN RFB.FL.
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C
C
C CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C
C
C THIS IS R GENERRL PURPOSE ROUTINE FOR MRKING RN OBLIOUE PLOT OF
C R MRTRIX OF VRLUES. I T USES PL T3D1 TO RCTURLL Y PLOT THE DRTR.
C
C R = INPUT RRRAY TO BE PLOTTED.
C NRA=NUMBER OF ROWS INA
C NCA= NUMBER OF CDL UMNS INA
C IVIEII INDICATES VIEWING ANGLE
C =1. INDICATES VIEW FROM BOTTOM TO TOP
C = 2. INDICRTES VIEW FROM RIGHT TO LEFT
C =3. INDICATES VIEW FROM TOP TO BOTTOM
C =4. INDICATES VIEW FROM LEFT TO RIGHT
C 10PT =O. INDICATES USE DEFAUL T SCALING FOR VERTICAL SCALE
C 10PT = 1. INDICATES VERTICAL SCALE WILL BE SET BY PROGRAMMER (WTO
C INTERVRL RT WHICH POINTS BETWEEN CURVES WILL BE CONNECTED (USUALL
C Xl = VARIRBLE ASSIGNED TO LAST ROW
C X2=VARIABLE ASSIGNED TO FIRST ROW
C Y1= VRRIABLE ASSIGNED TO FIRST COLUMN
C Y2= VARIABLE ASSIGNED TO LAST COLUMN
C NOTE- IF DO NOT WISH TO ASSIGN VRRIRBLES, THEN
C SET X1=NRA. X2=1. Y1=1, Y2=NCR.
C
C CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

DIMENSION A(NRA. NCR)
COMMON /MAXVAL/ UFOR.UBACK, VLEFT. VRIGHT, IIBOT, II TOP, THETR,URXIS, VRXI

IS.UVPLNE. IU(2.2). IV(2.2).IW(2.2),JLRB
DIMENSION V(150). 11(150)
PRINT 160. NRA.NCR. IVIEII. 10PT. ICROSS,X1,X2, Y1, Y2
ZMIN=9999999.
DX=(X2-X1)/(NRA-1)
DY=(Y2- Y1 )/(NCA-1)
JLAB=O
ZMAX=-999999.
DO 10 1=1. NRA
DO 10 J=l. NCR
ZMAX=AMAX1(ZMAX.A(I.J))
ZMIN=RMIN1 (ZMIN.A(I. J))

10 CONTINUE
IF (fVIEW.GT.4.0R.IV1EII.LT.J) IVIEII=1
IF (fOPT. EO. J) GO TO 20
IlTOP=2. JKZMRX
IIBOT=ZMIN
IIBOT=-2.5
llTOP=12.5
THETA=.7854

20 CONTINUE
UVPLNE=WBOT
IF (ZMIN.LE.O.AND.ZHRX.GC.O) UVPLNE=O.O
CL IPU=99999999.
CL IPD=-999999999.
XNOISE=O.O
GO TO (30.40.50.60). IVIEII

30 UFOR=X2
UBACK=X1
DELU=-DX
DELV=DY
VLEFT=Yl
VRIGHT=Y2
GO TO 70

40 UFOR=Y2
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UBRCK=Yl
DELU=-DY
DELV=-DX
VLEFT=X2
VRIGHT=Xl
GO TO 70

50 UFDR=Xl
UBRCK=X2
DELU=DX
DEL V=-DY
VLEFT=Y2
VRIGHT=Yl
GO TO 70

60 UFDR=Yl
DEL U=DY
UBRCK=Y2
DELV=DX
VLEFT=Xl
VRIGHT=X2

70 CDNTINUE
URXIS=VLEFT
VRXIS=UBRCK
DD 80 1=1,150

80 JI(J )=Jl8DT
NCURV=RBS((UFDR-UBRCK)/DELW+2.5
NPTS=RBS ( (VRIGHT- VLEFT)/DEL V) +2. 5
DD 150. 1=1, NCURV
U=UFDR+ (J -2. ))/(DELU
IF (J. EO. 1) U=UFDR
DD 140 J=I, NPTS
V(J)=VLEFT+(J-l. ))/(DEL V
IF (J.EO.NPTS) V(J)=V(J-1)
IF (J. EO. 1. DR. J. EO. NPTS) GO TO 140
GO TD (90,100,110,120), IVIEJI

90 1/=NRR- (J -2)
JJ=J
GO TO 130

100 JJ=NCR-(I-2)
I I=NRR-(J-l)
GO TO 130

110 1/=1-1
JJ=NCR-(J-l)
GO TO 130

120 JJ=I-1
I/=J

130 CDNTINUE
C PRINT 9004, NCURV, NPTS, I,J, I/,JJ , IVIEJI

JI(J)=R(JI, JJ)
IF (JI(J).GT.CLIPW JI(J)=CLIPU
IF (JI(J). L T. CL IPo) JI(J)=CL IPD
IF (RBS(JI(J)).LT.XNDISE) JI(J)=XNDISE

140 CDNTINUE
IPRSS=ICRDSS
IF (I. EO. 1) IPRSS=-1
CRLL PL T3Dl (U, V, JI, IPRSS, NPTS)

150 CDNTINUE
DEL JI= (JiTOP-JlBDT) /10.
NLV=(NPTS-l )/15+1
NL U= (NCURV-l )/20+1
CRLL PL T3Dl (UBRCK, DEL JI, O. 0, -6, 1)
CRLL PL T3Dl (UBRCK, DELU, O. 0, -8, NLW
RETURN

C
160 FORMRT (JX,5I5,4F10.4)
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C
C

END
SUBROUTINE PL T3Dl (uR, VR, WR, IPRSS, NPT)

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
3-D PLOT PRCKRGE CONTINUED
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

COMMON /CLRSF/ ICLRSS, TITLEO)

THIS SUBROUTINE WILL MRKE OBLIQUE PLOT OF V VS WFUNCTION FOR
R GIVEN U.

U= VRLUE OF INDEPENDENT VRRIRBLE U FOR R GIVEN V VS WFUNCTION.
VR =ONE DIMENSIONRL RRRRY CONTRINING INDEPENDENT VRRIRBLE V.
WR=ONE DIMENSIONRL RRRRY CONTRINING DEPENDENT VRRIRBLE W.

WR(I)= F(U, VR(I))
NPTS= NO. OF PTS IN VR, WR RRRRYS.

NOTE: NPTS=IRBS(NPTJ
IF(NPT.LTD) THEN WR(J)=F(UR(J), VR(J))

IPRSS=-1 IF THIS IS FIRST CRLL FOR NEW FRRME.
IPRSS = -6 DRRW LINES FOR W SCRLE RND LRBEL It'SCRLE

VR(J) IS DEL TR WFOR LRBELING
NPTS = LRBEL EVERY NPTS LINE

IPRSS = -7 DRRW LINES FOR V SCRLE RND LRBEL V SCRLE
VR( J) IS DEL TR V FOR LRBELING
NPTS = LRBEL EVERY NPTS LINE

IPRSS =-8 LRBEL U SCRLE
VR(J) IS DEL TR U FOR LRBEL ING
NPTS = LRBEL EVERY NPTS LINE

IPRSS =-2 HIGDEN LINES RRE NOT ELIMINRTED,
NOT CONNECTED TO PREVIOUS LINE

JLRB IS RLPHR LRBEL FOR U SCRLE
JLRB = 0 NOT USED FOR THIS CRLL

IPRSS=N INDICRTES EVERY NTH POINT ON THIS CURVE TO NTH POINT OF
PREVIOUS CURVE BE CONNECTED.

COMMON /MRXVRL/ UFOR,UBRCK, VLEFT, VRIGHT,WBOT,WTOP, THETR,URXIS,VRXI
lS,UVPLNE, IU(2,2), IV(2,2), IW(2,2),JLRB

MRXVRL COMMON IS USED FOR DETERMING SCRLES.
UFOR=EXTREME VRLUE OF U FOR FOREGROUND.
UBRCK= EXTREME VRLUE OF U FOR BRCKGROUND.
VLEFT= LEFT MOST VRLUE OF V.
VRIGHT= RIGHT MOST VRLUE OF V
WBOT=MIN VRLUE OF W.
WTOP=MRX VRLUE OF W
THETR=RNGLE OF OBLIQUE RXIS WITH VERTICRL (RRDIRNS). NOTE- IF THI
IS ZERO. THEN PLOT WILL BE TWO DIMENSIONRL WITH U RND WRXES CO­
INCIDENT.
URXIS= VRLUE DF V RT WHICH URXIS IS TO BE DRRWN.
VRXIS= VRLUE OF U RT WHICH V RXIS IS TO BE DRRWN.
UVPLNE= VRLUE OF WRT WHICH URXIS RND VRXIS INTERSECT.

DIMENSION IXSRV(601), IYSRV(601)
DIMENSIDN UR(NPT), VR(NPT), WR(NPT)
COMMON HINY(1024),MRXY(1024)
LOGICRL lOUT

NPTS=IRBS(NPT)
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C PRINT 8880, UFOR, U8RCK, VLEFT, VRIGHT, WBOT, WTDP, IPRSS,NPTS
C PRINT 1000, U, (VRUJ), WR(JJ),JJ=/,NPTS)

IF (IPRSS. GE. 0) GO TO 50
IF (JPRSS. Ea. -2) GO TO 50
IF (IPRSS. LE. -6) GO TO 250

C IF FIRST PRSS, ROVRNCE FRRME, SET SCRLES, RND INITIRLIZE MRX RND
C MIN FUNCTIONS. THE FIRST CURVE TO BE PLOTTED WILL BE THE FRRTHES
C IN THE FOREGROUND. SUCCEEDING VRLUES OF U MUST BE EITHER
C RSCENDING OF DESCENDING.
C

CRLL FRRMEV (3)
C FIND SCRLE VRLUES TO MRKE VRRIRBLES PROPORTIONRL

UL NTH=R8S(UFOR-UBRCK)
VLNTH=R8S(VRIGHT-VLEFT)
WL NTH=R8S(WTOP-WBOTJ
SCMIN=RMIN1 (ULNTH, VLNTH, IILNTH)
SCRL U=SCMI N/ULNTH
SCRLV=SCMIN/VLNTH
SCRL W=SCMIN/WLNTH
SCRLU=SCRLUJK22. /69.
IF (IPRSS. NE. -3) GO TO 10
SCRLU=l.
SCRLV=l.
SCRLW=l.

10 CONTINUE
ULNTH=ULNTHJKSCRLU
DIFX=ULNTHJKSIN( THETR)
IF (VRIGHT. LT. VLEFTJ DIFX=-DIFX
IF (THETR. GE. O. 0) GO TO 20
XRIGHT=VRIGHTJKSCRL V
XLEFT=VLEFTJKSCRL V+DIFX
GO TO 30

20 CONTINUE
XLEFT=VLEFTJKSCRL V
XRIGHT=VRIGHTJKSCRL V+DIFX

30 CONTINUE
YTOP=(WTOP-W80T)JKSCRLW+ULNTHJKCOS(TH£TR)+WBOTllfSCRLIl
YBOT=WBOTJKSCRL W
YSCRLE=YTOP- YBOT
XSCRLE=RBS(XRIGHT-XLEFT)
CRLL XSCRLV (XLEFT,XRIGHT, 74,50)
CRLL YSCRL V (YBOT, YTOP,50, 74)
DO 40 1=1,1024
MINY(I)=1000
HRXY(J)=0
IF (I. GT. 500) GO TO 40
IXSRV( I )=0
IYSRV( I )=0

40 CONTINUE
C CONSTRUCT THE RXES.
C
C (V RXIS)

DELU=RBS(VRXIS-UFOR)JKSCRLU
DX=DELUJKSJN( THETR)
JDELX=(DX/XSCRLE)JK900.
DY=DELUJKCDS( THETR)
JDEL Y=(DY/YSCRLE)JK900.
JX1=NXV(VLEFTJKSCRLV)+JDELX
IY1=NYVWVPLN£JKSCRU/)+IDELY
IX2=NXV(VRIGHTIlfSCRLV)+ID£LX
IY2=IY1
CRLL LINEV aXl, /Yl, /X2,fY2)
IV(J,J)=/XJ
/V(2, J)=/YJ
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IV(1.2)=IX2
IV(2,2)=IY2

C
C (U RXIS)
C

C
C 01 RXIS)

IXl=NXVWRXISJf/sCRLV)+IDELX
IX2=IXl
IYl=NYVOIBDTJKSCRUO+IDELY
IY2=NYVOITOPJKSCRLIO+IDELY
CRLL LINEV (IXl, IYl, IX2, /Y2)
111(1, J)=IXl
/11<2, J)=I Yl
III(1.2)=IX2
III(2,2)=IY2

C

IXl=NXV(URXISJKSCRLV)
1Y1=NYVWVPLNEJKSCRL II)
Y2=ULNTHJKCDS(THETR)+UVPLNEJIlSCRLIl
X2=DIFX+URXISJIlSCRLV
IX2=NXV(X2)
1Y2=NYV( Y2)
CRLL L/NEV ([Xl,/YI,/X2,!Y2)
IU( 1. J)=/X1
IU(2, 1)=/YI
IU(J,2)=/X2
IU(2,2)=/Y2

50 CONTINUE
U=UR( l)
IDUT=. TRUE.
ICDUNT=ICDUNT+l
J=NPTS+1
DO 170 JJ=1. NPTS
IF <THETR) 60, 70, 70

60 J=JJ
GO TO 80

70 J=J-l
80 CDNTINUE

IF (NPT. LT. 0.) U=UR(J)
IF (NPT. GT. O. RND. JJ. GT.1) GO TO 90
DELU=RBS(U-UFOR)JKSCRLU
DX=DELUJKSIN( THETR)
IDELX=<DX/XSCRLE)JIl900.
DY=DEL UJKCOS ( THETR)
IDEL Y=(DY/YSCRLE)JIl900.

90 CDNTINUE
IX2=/XV(VR(J)JIlSCRLV)+IDELX
1 Y2= I YV( IIRU)JKSCRL II) +IDEL Y
IF (IPRSS. LE. 0) GO TO 140
IF (MDDU-l, IPRSS). NE. 0) GO TO 140
NX=IRBS(IX2-IXSRV(J»
IF (NX.EO.O) NX=I
INCX=l
IF ([XSRV(J).GT.!X2) INCX=-I
DX=NX
DY=IY2-IYSRV(J)
RRTID=OY/DX
1YST=/ YSRV(J)
IX=IXSRV(J)
IN=O
DO 130 /=1, NX
IX=/X+/NCX
/Y=/YST+!MRRTIO
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IF (JY.LE.MRXY(JX).RND.IY.GE.MINY(JX)) GO TO 100
IN=O
GO TO 120

100 IF (IN. EO. 1. DR. I. EO. 1) GO TD 110
IXCK=IXSRV(J)
IF (JY. GT. MRXY(JX). RND. IYSRV(J). LT. MRXY(JXCK)) IYSRV(J)=MRXY(JXCK)
CRLL LINEV (IXSRV(J), IYSRV(J), IX, IY)

110 IXSRV(J)=IX
IYSRV(J)=IY
IN=1

120 CDNTINUE
MRXY( IX) =MRXO ( IY,MRXY( IX))
MINY(IX)=MINO(IY,MINY(IX))

130 CDNTINUE
IF (IN.EO.O) CRLL LINEV (IXSRV(J),IYSRV(J),IX2,IY2)

140 CDNTINUE
IF (JPRSS.NE.-2) GO TO 160
IF (JJ. EO. 1) GO TO 150
CRLL LINEV (lXI, IY1,IX2, IY2)

150 CDNTINUE
IX1=IX2
IY1=IY2
IF (JJ. NE. NPTS) GO TO 170
RETURN

160 CDN TINUE
IXSRV(J)=IX2
IYSRV(J)=IY2

170 CDNTINUE
IX1 =IXV(VR(1)JIISCRL V)+IDELX
IY1=IYVOIR(1hIlSCRLIO+IDELY
IF (JY1. LT. MRXY(JXJ).RND.IY1. GT. MINY(JXJ)) IDUT=. FRLSE.
DD 230 J=2,NPTS
IX2=IXSRV(J)
IY2=IYSRV(J)
NX=IRBS(IX2-IX1)
IF (NX.EO.O) NX=l
INCX=/
IF (JX2.LT.IXJ) INCX=-l
DX=NX
DY=IY2-IY1
RRTID=DY/DX
IX=IX1
I YST=IY1
DD 210 K=l,NX
IX=IX+INCX
I Y=I YST+KJifRRTID
INDX=IX
MXY=MRXY( INDX)
MNY=MINY( INDX)
IF (JY. LT. MXY. RND.IY. GT. MNY) GO TO 180
IDUT=. TRUE.
GO TO 200

180 CDNTINUE
IF (. NDT. IDun GO TO 190
CRLL LINEV (JX1, IY1, IX,IY)

190 CDNTINUE
IDUT=. FRLSE.
IX1=IX
IY1=IY

200 CDNTINUE
MRXY( INDX)=MRXO( IY,MXY)
MINY( INDX)=MINO( IY,MNY)

210 CONTINUE
IF (.NOT.Ioun GO TO 220
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CRLL LINEV ([Xl. IY1. IX2. IY2)
220 CONTINUE

IND1=IX1
HRXY(IND1)=HRXO(IY1.HRXY(IND1»
HINY(IND1)=HINO(IY1.HINY(IND1»
IX1=IX2
IY1 =1 Y2

230 CONTINUE
IF (JLRB. EO. 0) GO TD 240

C PRINT HOLERITH JLRB
IXL=IXV(VRIGHTJ/(SCRL V)+IDELX+B
IYL=IDEL Y+IYVO/BOTJ/(SCRU/)
CRLL PRINTV (B. JLRB. IXL. IYL)
CRLL LINE2V ([XL-12.IYL-1.5.0)
CRLL LINE2V ([XL -12. IYL -1.5. 0)

240 CONTINUE
RETURN

250 CONTINUE
ILRB=O
IF (IPRSS. EO. -B) GO TD 320
DELU=RBS(UBRCK-UFOR)J/(SCRLU
DX=DELUJ/(SIN( THETR)
IDEL X= (OX/XSCRLE)J/(900.
DY=DELUJ/(COS( THETR)
IDEL Y=(OY/YSCRLf)J/(900.
IF ([PRSS. EO. -7) GO TD 2BO
DELW=VR(J )
XD=RHRX1(RBS( WTDP). RBS(WBOT»
NDL=NDHRX(XD)
NDIG=HRXO(5.NDL)
W=WBOT
IX1=NXV(VLEFTJ/(SCRLV)+IDELX
IX2=NXV(VRIGHTJ/(SCRLV)+IDELX

260 IY1=NYV(WJ/(SCRLW)+IDEL Y
IY2=IY1
CRLL LINEV (IX1.IY1.IX2.IY2)
IF (HOD([LRB. NPTS). NE. 0) GO TO 270
CRLL LRBLV (W. IXl-52. IY1.NDIG.1.NDL)
CRLL LRBLV (W.IXl-52.IY1.NDIG.1.NDL)

270 CONTINUE
ILRB=ILRB+ 1
W=W+DELW
IF (W. GT. WTDP) GO TD 240
GO TD 260

280 CONTINUE
DELV=VR(J)

V=VLEFT
VR=VRIGHT+. 01J/(VRIGHT-VLEFTJ

290 IX1=NXV(VJ/(SCRLV)+IDELX
IY2=NYV(WTDPJ/(SCRLW)+IDEL Y
IY1=NYV(WBOTJ/(SCRLW)+IDELY
IX2=IX1
IX3=IX1-IDELX
IY3=IY1-IDELY
CRLL LINEV (JX1. IY1. IX2.IY2)
IF (HOD(JLRB. NPTS). NE. 0) GO TD 300
CRLL LRBLV (v. IX2-2B. IY2+6.NDIG. J.NDL)
CRLL LRBLV (V. IX2-2B. IY2+6.NDIG.1.NDL)
CRLL LRBLV (V. IX3-2B. IY3-6.NDIG.1.NDL)
CRLL LRBLV (v. IX3-2B. IY3-6.NDIG.1.NDL)

300 CONTINUE
ILRB=ILRB+1
V=V+DELV
IF (VRIGHT. GT. VLEFTJ GO TD 310
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IF (V. LT. VR) GO TO 240
GO TO 290

310 IF (V. GT. VR) GO TO 240
GO TO 290

320 CONTINUE
UB=UBRCK+.Ol~(UBRCK-UFOR)

ULRB=UFOR
330 CONTINUE

DELRB=RBS(ULRB-UFOR)~SCRLU

DX=DELRB~S IN( THETR)
DY=DELRB~COS( THETR)
IDELX=(DX/XSCRLE)~900.

IDEL Y=(DY/YSCRLE)~900.

IX1=NXV(VLEFT~SCRLV)+IDELX

IX2=NXV(VRIGHTJlfSCRL V)+IDELX
IY1=NYVOIBOT~SCRUI)+IDEL Y

C CRLL POINTV(JX1,IY1,6,RNY)
C CRLL POINTV(JX2,IY1,6,RNY)

IF (HOD(JL RB. NPTS). NE. 0) GO TO 340
C CRLL LRBLV(ULRB,IX}-45,/Yl.5.J.4)
C CRLL LRBLV(ULRB,IXl-45,/Yl.5.J.4)

ICH=4
IF (RBS(ULRB).GT.9.) ICH=5
IF (RBS(ULRB).GT.99.) ICH=6
CRLL LRBLV (ULRB,IX2+4,/YJ.ICH.I.ICH-2)
CRLL LRBLV (ULRB, IX2+4, IY1.ICH. J.ICH-2)

340 /LRB=/LRB+l
ULRB=ULRB+ VR(1)
IF (UBRCK. LT. UFOR) GO TO 350
IF (ULRB. GT. UB) GO TO 240
GO TO 330

350 IF (ULRB. L T. UB) GO TO 240
GO TO 330

C
END
FUNCTION NDHRX(X)

C
C
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C THIS FUNCTION RETURNS THE HRXIHUH OECIHRL SCRLE NEEDED
C XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXXXXXXXXXXXXX
C
C
C FOR USE WITH LRBLV

RX=RBS(X)Jlfl O. +.01
DIG=RLDG10(RX)
NDHRX=DIG
IF (DIG. L T. 0) NDHRX=O
IF (NDHRX.GT.6) NDHRX=6
RETURN
END
SUBRDUTINE FRRHEV (fRRG)
DRTR IK/O/
IK=IK+l
IF (IK.EO.l) CRLL GS/ZE (200•• 11 •• 1100)
IF (IK. Ea. 1) CRLL PLOT (0•• 0.5. -3)
IF (IK. GT. 1) CRLL PLOT (10•• O. O. -3)
WRITE (6,10)
RETURN

C
10 FDRHRT( lOX. 15H FRRHEV CRLLED )

END .
SUBROUTINE LINEV (I1.I~./3.14)

DRTR H/3.H/4/0.0/
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5440
5441
5442
5443
5444
5445
5446
5447
5448
5449
5450
5451
5452
5453
5454
5455
5456
5457
5458
5459
5460
5461
5462
5463
5464
5465
5466
5467
5468
5469
5470
5471
5472
5473
5474
5475
5476
5477 .
5478
5479
5480
5481
5482
5483
5484
5485
5486
5487
5488
5489
5490
5491
5492
5493
5494
5495
5496
5497
5498
5499
5500
5501
5502
5503
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IP=O
IF (IJ. EO.MI3. RND. 12. EQ. MI4) IP=J
XJ=I1/J02.3
X2=13/J02. 3
YJ=12/J02.3
Y2=1 4/J02. 3
IF (JP. EO. 0) CRLL PLDT (Xl. Y1. +3)
CALL PLDT (X2. Y2. +2)
MI3=13
M14=14
RETURN
END
SUBRDUTINE PLDT (A.B. IPL)
CDMMDN /X1/ IZ
IZ=16
IF (IPL.EO.999) CALL CLASS (4.3.0.0)
IF (JPL. EO. 999) CALL CALCMP (0•• 0•• 9999.2)
IF (JPL.EO. -3) CALL CALCMP (0•• 0•• 0000.2)
IF (JPL.EO.2) CALL CALCMP (A.B. IZ. J)
IF (JPL. EO. 3) CALL CALCMP (R.B.O, J)
RETURN
END
SUBRDUTINE GSIZE (AA1.AA2.IXX)
LDEV=8
CALL CALCMP (0•• 2•• LDEV. 0)
CALL CLRSS (1.3.0.0)
RETURN
END
SUBRDUTINE DXDYV(I1. ALEFT. ARIGHT, OX, 12, 13, 14, 15,16)
DX= CARIGHT-ALEFT)/10.
RETURN
END
SUBRDUTINE PLDTV(J1.12,13)
RETURN
END
SUBRDUTINE PRINTV(11.R.12.13)
RETURN
END
SUBRDUTINE CHSIZV(11.12)
RETURN
END
SUBRDUTINE RITE2V(J1. 12, 13.14.15, 16, I7,R, 19)
RETURN
END
SUBRDUTINE XSCALV(A.B,11.12)
RETURN
END
SUBRDUTINE YSCALV(R.B, 11,12)
RETURN
END
SUBRDUTINE LRBLV(A, 11,12,13,14,15)
RETURN
END
SUBRDUTINE LINE2V(11, 12, 13, 14)
RETURN
END
FUNCTIDN I XV(R)
IXV=O
RETURN
END
FUNCTIDN IYV(R)
IYV=O
RETURN
END
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FUNCTION NXV(R)
NXV=o
RETURN
END
FUNCTION NYV(R)
NYV=o
RETURN
END

C/ SRRooB94, 03, G61K), o9999FELDHRN, HSGLEVEL =1 ,
C/ CLRSS=D,REGION=512K, TIHE=lo
C/ EXEC FTGINCGD,PGHNO=SRRooB94,OVERLRY=OVLY
C/SYSIN DO )/(
CJI(
C/LNK. SYSL IN DO )/(
CINCLUDE SYSTFORT

.CINCLUDE FORTEPDS(SRRooB94)
OVERLRY TWO
INSERT DRI VER, INPUT, GEOH, BOUND, OBLOUE, PLRTE. SPEC, HULLP1, HULLP2
INSERT THESTP,CURRNT,OUTPUT,GRRPH,DIGPLT,PRTPLT,EFIELD,BNDPOT,CUR,DFSN
INSERT TEHDIF, VIS, TRIO. KSWEEP, JSWEEP, GRHH.SIG.BETR. CP.RGRS.CONO.CV
INSERT EDDY. B
INSERT CRRRRY. GRRVTY, CTIHE. CHRTRX, CSTORE, CSTRSS, CHRGN, ETRODE
OVERLRY TWO
INSERT PLOTTE, RDPL T, LRBPL T. NXVOSB, LEVEL, POINT, DRRW, TRUN, RRROW, PRRTCL
INSERT CELL, PLOT3D, FRRHER. GRIDS, SHRDE. THREED, PL THTX, PL T3D1 , NDHRX
INSERT P1,P2,P3.P4
ENTRY HRIN

CJI(
C/GD. FTOBFo01 DO UNI T=24oo, OISP=(. KEEP), OSN=/vPL 1, OCB=DEN=2, LRBEL=(. BLP)
C/GD.FT14Fo01 DO UNIT=1I0RK.SPRCE=(CYL, (5,5),RLSE, ,ROUND).
C/ DCB=RECFH=VBS
C/GO. FT05Fo01 00 111

Eor
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5568
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Symbol

A

A

A

B

-
B

Br

Bx

C
s

c

c
p

cv

D

E

e

F

F
m

g

h

H
a

NOMENCLATURE

Description

Elliptic equation coefficient/finite difference coefficient

Prandtl Mixing Length coefficient

Area

Elliptic equation coefficient/finite difference coefficient

Magnetic induction vector

Radial magnetic induction

Axial magnetic induction

Aximuthal magnetic induction

Elliptic equation coefficient/finite difference coefficient

Shock velocity

Speed of sound/electrode thickness

Specific heat at constant pressure

Specific heat at constant volume

Finite difference coefficient

Electric field vector

Total energy per unit mass

Scalar quantity representing ¢ or ~

Mass flux

Gravitational acceleration vector

Axial gravitational acceleration

Radial gravitational acceleration

Channel width

Hartmann number
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Symbol

I Current

Description

AE DC-TR -77-1 05

i Internal energy per unit mass

j Current vector

jr Radial current

J' Axial currentz

K Load factor

L Differential operator

M Mass

M Mach number

M Radial magnetic flux
r

M Axial magnetic flux
z

Me Aximuthal magnetic flux

n Unit vector normal to surface

P Dimensionless pressure

p Pressure

q Heat flux vector

r Radial coordinate

Re Reynolds number

Re Magnetic Reynolds number
m

S Electrode + Insulator thickness

t Time

T Temperature

U Particle velocity

u Scalar velocity in axial direction

v Velocity vector

v Scalar velocity in radial direction
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(1)(0); implicit

Description

Cartesian coordinate

Cartesian coordinate

Axial or Cartesian coordinate

Coordinate system; Cartesian = (0); axisymmetric = (1)

Hall parameter

Boundary layer thickness

Specific heat ratio

Integration parameter; explicit

z

y

(3

o

y

x

Symbol

E Strain element

A~ Prandtl mixing length

A Thermal conductivity

At Thermal conductivity (turbulent)

o Electrical conductivity tensor

p Density

o Scalar conductivity

0+ Scalar conductivity corrected for Hall current

~ Electrical potential

~ Current stream function

T Viscous and/or magneto stress tensor

T Stress element

8 Aximuthal coordinate

~ Laminar viscosity

~E Eddy viscosity

~p Magnetic permeability

W Relaxation Parameter
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Symbol

Superscripts

Description

AEDC-TR-77-105

n Time cycle

~ Vector

lj::l Tensor

Subscripts

i Radial index

j Axial index

I Isentropic
s

rr r face, r direction

w wall

zz z face, z direction

88 8 face, 8 direction

rz r face, z direction

00 Infinity

Mathematical Operators
d
at Partial derivative
d
dt Total derivative

'V "Del" operator

Vector "dot" product

x Vector "cross" product

Finite change
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